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Among	 ﾠall	 ﾠof	 ﾠthe	 ﾠsustainable	 ﾠenergy	 ﾠsources,	 ﾠbiomass	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠmost	 ﾠpromising,	 ﾠ
due	 ﾠto	 ﾠits	 ﾠmarket	 ﾠpotential	 ﾠand	 ﾠenvironmental	 ﾠadvantages.	 ﾠLignocellulose	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠ
most	 ﾠabundant	 ﾠforms	 ﾠof	 ﾠbiomass.	 ﾠThe	 ﾠmost	 ﾠchallenging	 ﾠpart	 ﾠof	 ﾠthe	 ﾠtechnology	 ﾠto	 ﾠtransform	 ﾠ
lignocellulosic	 ﾠbiomass	 ﾠto	 ﾠsugars	 ﾠis	 ﾠto	 ﾠimprove	 ﾠthe	 ﾠbio-ﾭ‐availability	 ﾠof	 ﾠlignocellulosic	 ﾠ
materials.	 ﾠPretreatment	 ﾠprocesses	 ﾠmust	 ﾠbe	 ﾠused.	 ﾠ
The	 ﾠmany	 ﾠvariables	 ﾠinvolved	 ﾠin	 ﾠthe	 ﾠcomplex	 ﾠcoupling	 ﾠof	 ﾠboth	 ﾠpretreatment	 ﾠand	 ﾠ
enzymatic	 ﾠhydrolysis	 ﾠprocesses	 ﾠpresent	 ﾠchallenges	 ﾠin	 ﾠidentifying	 ﾠoptimum	 ﾠconditions	 ﾠfor	 ﾠ
the	 ﾠoverall	 ﾠprocess.	 ﾠFurther	 ﾠcomplicating	 ﾠthe	 ﾠsituation	 ﾠare	 ﾠthe	 ﾠpossible	 ﾠemerging	 ﾠmarkets	 ﾠ
for	 ﾠbyproducts	 ﾠ(e.g.,	 ﾠlignin	 ﾠand	 ﾠxylose)	 ﾠand	 ﾠadvancements	 ﾠin	 ﾠtechnologies	 ﾠcomprising	 ﾠthe	 ﾠ
whole	 ﾠprocess.	 ﾠTherefore,	 ﾠa	 ﾠmodel	 ﾠwould	 ﾠbe	 ﾠuseful	 ﾠif	 ﾠit	 ﾠcould	 ﾠpredict	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠ
processing	 ﾠvariables	 ﾠon	 ﾠimportant	 ﾠoutput	 ﾠparameters.	 ﾠSuch	 ﾠa	 ﾠmodel	 ﾠcould	 ﾠfind	 ﾠuse	 ﾠin	 ﾠ
future	 ﾠoptimization	 ﾠstrategies	 ﾠas	 ﾠthe	 ﾠlandscape	 ﾠchanges.	 ﾠ
In	 ﾠthis	 ﾠthesis,	 ﾠa	 ﾠspreadsheet-ﾭ‐based	 ﾠmodel	 ﾠis	 ﾠpresented	 ﾠfor	 ﾠNaOH	 ﾠpretreatment	 ﾠand	 ﾠ
subsequent	 ﾠsaccharification	 ﾠof	 ﾠswitchgrass.	 ﾠ	 ﾠ	 ﾠThe	 ﾠcontext	 ﾠis	 ﾠa	 ﾠpretreatment	 ﾠprocess	 ﾠthat	 ﾠ
uses	 ﾠhigh	 ﾠNaOH	 ﾠloading	 ﾠat	 ﾠambient	 ﾠtemperature,	 ﾠwith	 ﾠsolids	 ﾠseparation	 ﾠafterwards	 ﾠ(via	 ﾠa	 ﾠ
filter	 ﾠpress),	 ﾠallowing	 ﾠrecycle/reuse	 ﾠof	 ﾠresidual	 ﾠalkali.	 ﾠ	 ﾠFresh	 ﾠmake-ﾭ‐up	 ﾠwater	 ﾠrequired	 ﾠin	 ﾠ
pretreatment	 ﾠis	 ﾠadded	 ﾠthrough	 ﾠthe	 ﾠpressed	 ﾠsolids	 ﾠto	 ﾠrecover	 ﾠmore	 ﾠof	 ﾠthe	 ﾠresidual	 ﾠalkali.	 ﾠ	 ﾠ
The	 ﾠpretreated	 ﾠsolids	 ﾠcake	 ﾠthen	 ﾠpasses	 ﾠto	 ﾠa	 ﾠhydrolysis	 ﾠreactor	 ﾠwhere	 ﾠa	 ﾠmixture	 ﾠof	 ﾠ
cellulases,	 ﾠβ-ﾭ‐glucosidase,	 ﾠand	 ﾠhemicellulases	 ﾠis	 ﾠused	 ﾠfor	 ﾠsaccharification.	 ﾠ	 ﾠThe	 ﾠmodel	 ﾠis	 ﾠ
based	 ﾠon	 ﾠexperimental	 ﾠdata	 ﾠfrom	 ﾠthe	 ﾠpublished	 ﾠliterature.	 ﾠ	 ﾠ
	 ﾠ
Two	 ﾠmethods	 ﾠof	 ﾠmodel	 ﾠanalysis	 ﾠ(the	 ﾠeffects	 ﾠof	 ﾠimportant	 ﾠvariables	 ﾠover	 ﾠlarge	 ﾠ
ranges,	 ﾠand	 ﾠvariable	 ﾠsensitivities)	 ﾠillustrate	 ﾠthat	 ﾠthe	 ﾠExcel®-ﾭ‐based	 ﾠmodel	 ﾠfacilitates	 ﾠ
exploration	 ﾠof	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠvarious	 ﾠinput	 ﾠand	 ﾠoperational	 ﾠparameters.	 ﾠWithin	 ﾠthe	 ﾠrange	 ﾠof	 ﾠ
practical	 ﾠinterest,	 ﾠthe	 ﾠmodel	 ﾠclearly	 ﾠshows	 ﾠus	 ﾠthe	 ﾠcomplex	 ﾠinterrelationships	 ﾠamong	 ﾠ
variables;	 ﾠand	 ﾠthrough	 ﾠthe	 ﾠmodel,	 ﾠtwo	 ﾠimportant	 ﾠconclusions	 ﾠare	 ﾠmade:	 ﾠ
1.	 ﾠ A	 ﾠhigher	 ﾠpressed	 ﾠcake	 ﾠsolids	 ﾠconcentration	 ﾠ(higher	 ﾠthan	 ﾠ20%),	 ﾠallowing	 ﾠ
hydrolysis	 ﾠat	 ﾠhigher	 ﾠsolids	 ﾠconcentration,	 ﾠis	 ﾠworth	 ﾠachieving	 ﾠbecause	 ﾠof	 ﾠless	 ﾠmakeup	 ﾠwater	 ﾠ
requirement	 ﾠand	 ﾠhigher	 ﾠsugar	 ﾠconcentrations	 ﾠachieved	 ﾠafter	 ﾠhydrolysis.	 ﾠ
2.	 ﾠ A	 ﾠhigher	 ﾠpercentage	 ﾠof	 ﾠideal	 ﾠexchange	 ﾠin	 ﾠthe	 ﾠwashing	 ﾠof	 ﾠpressed	 ﾠsolids	 ﾠwith	 ﾠ
incoming	 ﾠfreshwater	 ﾠrequired	 ﾠas	 ﾠmakeup	 ﾠwater	 ﾠin	 ﾠpretreatment	 ﾠis	 ﾠundoubtedly	 ﾠworth	 ﾠ
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I.  INTRODUCTION	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 ﾠ
	 ﾠ
Energy	 ﾠis	 ﾠconsumed	 ﾠwidely	 ﾠin	 ﾠagriculture,	 ﾠindustry,	 ﾠand	 ﾠin	 ﾠour	 ﾠdaily	 ﾠlives,	 ﾠsuch	 ﾠas	 ﾠ
for	 ﾠheating,	 ﾠtransportation,	 ﾠetc.	 ﾠTraditionally,	 ﾠmost	 ﾠof	 ﾠthe	 ﾠenergy	 ﾠwe	 ﾠuse	 ﾠis	 ﾠderived	 ﾠfrom	 ﾠ
fossil	 ﾠfuels.	 ﾠHowever,	 ﾠthe	 ﾠincreasing	 ﾠdemand	 ﾠfor	 ﾠfossil	 ﾠfuels	 ﾠbrings	 ﾠthe	 ﾠassociated	 ﾠproblems	 ﾠ
of	 ﾠfuel	 ﾠshortages,	 ﾠuneven	 ﾠdistribution,	 ﾠand	 ﾠincreasing	 ﾠgreenhouse	 ﾠgas	 ﾠemissions.	 ﾠMany	 ﾠ
countries	 ﾠand	 ﾠorganizations	 ﾠare	 ﾠlooking	 ﾠfor	 ﾠnew	 ﾠenergy	 ﾠsources,	 ﾠnot	 ﾠonly	 ﾠfor	 ﾠeconomic	 ﾠ
reasons	 ﾠbut	 ﾠalso	 ﾠfor	 ﾠpolitical	 ﾠand	 ﾠenvironmental	 ﾠconsiderations.	 ﾠSustainable,	 ﾠrenewable	 ﾠ
energy,	 ﾠsuch	 ﾠas	 ﾠwind	 ﾠpower,	 ﾠhydropower,	 ﾠgeothermal	 ﾠenergy,	 ﾠbiomass,	 ﾠand	 ﾠsolar	 ﾠenergy,	 ﾠ
which	 ﾠcan	 ﾠreplace	 ﾠor	 ﾠat	 ﾠleast	 ﾠreduce	 ﾠour	 ﾠdependence	 ﾠon	 ﾠfossil	 ﾠfuels,	 ﾠis	 ﾠbecoming	 ﾠa	 ﾠhot	 ﾠtopic	 ﾠ
for	 ﾠstudy.	 ﾠ	 ﾠ
Among	 ﾠall	 ﾠof	 ﾠthe	 ﾠsustainable	 ﾠenergy	 ﾠsources,	 ﾠbiomass	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠmost	 ﾠpromising,	 ﾠ
due	 ﾠto	 ﾠits	 ﾠmarket	 ﾠpotential	 ﾠand	 ﾠenvironmental	 ﾠadvantages.	 ﾠOne	 ﾠof	 ﾠthe	 ﾠmost	 ﾠpromising	 ﾠ
biomass	 ﾠenergy	 ﾠtechnologies	 ﾠis	 ﾠthe	 ﾠproduction	 ﾠof	 ﾠethanol	 ﾠfrom	 ﾠlignocellulosic	 ﾠbiomass.	 ﾠIt	 ﾠis	 ﾠ
estimated	 ﾠthat	 ﾠbio-ﾭ‐ethanol	 ﾠhas	 ﾠthe	 ﾠpotential	 ﾠto	 ﾠprovide	 ﾠup	 ﾠto	 ﾠ50%	 ﾠof	 ﾠUSA	 ﾠtransportation-ﾭ‐
fuel	 ﾠneeds	 ﾠ(33)	 ﾠResearchers	 ﾠhave	 ﾠinvestigated	 ﾠmany	 ﾠtechnologies	 ﾠto	 ﾠconvert	 ﾠbiomass	 ﾠto	 ﾠ
useful	 ﾠenergy,	 ﾠsuch	 ﾠas	 ﾠdirect	 ﾠcombustion,	 ﾠpyrolysis,	 ﾠchar	 ﾠproduction,	 ﾠfermentation	 ﾠto	 ﾠliquid	 ﾠ
combustibles	 ﾠ(methanol,	 ﾠethanol,	 ﾠand	 ﾠbutanol),	 ﾠand	 ﾠanaerobic	 ﾠdigestion	 ﾠfor	 ﾠmethane	 ﾠ
production.	 ﾠEach	 ﾠof	 ﾠthese	 ﾠmethods	 ﾠhas	 ﾠits	 ﾠown	 ﾠadvantages	 ﾠand	 ﾠdisadvantages,	 ﾠand	 ﾠmany	 ﾠof	 ﾠ
these	 ﾠmethods	 ﾠrequire	 ﾠthe	 ﾠconversion	 ﾠof	 ﾠbiomass	 ﾠto	 ﾠsugars	 ﾠas	 ﾠthe	 ﾠfirst	 ﾠprocessing	 ﾠstep.	 ﾠ	 ﾠ
Lignocellulose	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠmost	 ﾠabundant	 ﾠforms	 ﾠof	 ﾠbiomass.	 ﾠThe	 ﾠmost	 ﾠchallenging	 ﾠ
part	 ﾠof	 ﾠthe	 ﾠtechnology	 ﾠto	 ﾠtransform	 ﾠlignocellulosic	 ﾠbiomass	 ﾠto	 ﾠsugars	 ﾠis	 ﾠto	 ﾠimprove	 ﾠthe	 ﾠbio-ﾭ‐2	 ﾠ
	 ﾠ
availability	 ﾠof	 ﾠthe	 ﾠmaterial	 ﾠso	 ﾠthat	 ﾠpotentially	 ﾠavailable	 ﾠcellulose	 ﾠand	 ﾠhemicellulose	 ﾠcan	 ﾠbe	 ﾠ
converted	 ﾠto	 ﾠfermentable	 ﾠsugars.	 ﾠThe	 ﾠdegree	 ﾠof	 ﾠconversion	 ﾠdepends	 ﾠon	 ﾠthe	 ﾠassociation	 ﾠof	 ﾠ
the	 ﾠcarbohydrates	 ﾠwith	 ﾠlignin,	 ﾠwhich	 ﾠwidely	 ﾠexists	 ﾠin	 ﾠthe	 ﾠplant	 ﾠcell	 ﾠwall	 ﾠfor	 ﾠthe	 ﾠpurpose	 ﾠof	 ﾠ
rendering	 ﾠit	 ﾠless	 ﾠdegradable	 ﾠ[5].	 ﾠIn	 ﾠessence,	 ﾠlignin’s	 ﾠpresence	 ﾠin	 ﾠthe	 ﾠcell	 ﾠwall	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠ
strategies	 ﾠplants	 ﾠutilize	 ﾠto	 ﾠresist	 ﾠtheir	 ﾠown	 ﾠbiodegradation	 ﾠ—	 ﾠa	 ﾠpurpose	 ﾠopposed	 ﾠto	 ﾠthat	 ﾠof	 ﾠ
technologies	 ﾠdesigned	 ﾠto	 ﾠproduce	 ﾠdegradable	 ﾠsugars	 ﾠfrom	 ﾠthem.	 ﾠPretreatments	 ﾠsuch	 ﾠas	 ﾠ
heat	 ﾠtreatment,	 ﾠchemical	 ﾠtreatment,	 ﾠand	 ﾠthermochemical	 ﾠtreatment	 ﾠare	 ﾠdesigned	 ﾠto	 ﾠ
decrease	 ﾠthe	 ﾠassociation	 ﾠof	 ﾠlignin	 ﾠwith	 ﾠthe	 ﾠcarbohydrate	 ﾠportion	 ﾠof	 ﾠplant	 ﾠcell	 ﾠwalls	 ﾠand	 ﾠare	 ﾠ
effective	 ﾠat	 ﾠincreasing	 ﾠthe	 ﾠsugar	 ﾠyield	 ﾠfrom	 ﾠlignocellulose	 ﾠin	 ﾠsubsequent	 ﾠenzymatic	 ﾠ
hydrolysis[10].	 ﾠ	 ﾠ
One	 ﾠof	 ﾠthe	 ﾠmany	 ﾠpossible	 ﾠpretreatment	 ﾠtechnologies	 ﾠfor	 ﾠlignocellulose	 ﾠinvolves	 ﾠthe	 ﾠ
use	 ﾠof	 ﾠalkali	 ﾠ(NaOH	 ﾠor	 ﾠCaO)	 ﾠat	 ﾠambient	 ﾠtemperatures.	 ﾠThere	 ﾠare	 ﾠmany	 ﾠvariables	 ﾠinvolved	 ﾠin	 ﾠ
such	 ﾠa	 ﾠpretreatment	 ﾠtechnology.	 ﾠAmong	 ﾠthem:	 ﾠsolids	 ﾠconcentration,	 ﾠalkali	 ﾠconcentration,	 ﾠ
and	 ﾠtime	 ﾠof	 ﾠpretreatment.	 ﾠAfter	 ﾠpretreatment,	 ﾠpresumably	 ﾠthe	 ﾠsolids	 ﾠresidue	 ﾠwould	 ﾠbe	 ﾠ
separated	 ﾠas	 ﾠmuch	 ﾠas	 ﾠpossible	 ﾠfrom	 ﾠresidual	 ﾠalkali	 ﾠ(which	 ﾠwould	 ﾠbe	 ﾠrecycled/reused),	 ﾠand	 ﾠ
the	 ﾠdewatered	 ﾠsolids	 ﾠresidue	 ﾠwould	 ﾠmove	 ﾠon	 ﾠto	 ﾠa	 ﾠsubsequent	 ﾠenzymatic	 ﾠhydrolysis	 ﾠ
process.	 ﾠThe	 ﾠdegree	 ﾠof	 ﾠdewatering	 ﾠof	 ﾠthe	 ﾠpretreated	 ﾠsolids	 ﾠ(affecting	 ﾠalkali	 ﾠentrainment	 ﾠin	 ﾠ
the	 ﾠdewatered	 ﾠresidue)	 ﾠwould	 ﾠinfluence	 ﾠalkali	 ﾠrecovery/reuse,	 ﾠas	 ﾠwell	 ﾠas	 ﾠthe	 ﾠneutralization	 ﾠ
required	 ﾠprior	 ﾠto	 ﾠenzymatic	 ﾠhydrolysis.	 ﾠBeyond	 ﾠthese	 ﾠconsiderations,	 ﾠthere	 ﾠare	 ﾠmany	 ﾠ
additional	 ﾠvariables	 ﾠin	 ﾠenzymatic	 ﾠhydrolysis	 ﾠaffecting	 ﾠsugar	 ﾠyields	 ﾠand	 ﾠconcentrations.	 ﾠ
Among	 ﾠthese	 ﾠwould	 ﾠinclude	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis,	 ﾠenzyme	 ﾠmixtures	 ﾠand	 ﾠ
loadings,	 ﾠand	 ﾠtime	 ﾠof	 ﾠhydrolysis.	 ﾠ	 ﾠ3	 ﾠ
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The	 ﾠmany	 ﾠvariables	 ﾠinvolved	 ﾠin	 ﾠthe	 ﾠcomplex	 ﾠcoupling	 ﾠof	 ﾠboth	 ﾠpretreatment	 ﾠand	 ﾠ
enzymatic	 ﾠhydrolysis	 ﾠprocesses	 ﾠpresent	 ﾠchallenges	 ﾠin	 ﾠidentifying	 ﾠoptimum	 ﾠconditions	 ﾠfor	 ﾠ
the	 ﾠoverall	 ﾠprocess.	 ﾠFurther	 ﾠcomplicating	 ﾠthe	 ﾠsituation	 ﾠare	 ﾠthe	 ﾠpossible	 ﾠemerging	 ﾠmarkets	 ﾠ
for	 ﾠbyproducts	 ﾠ(e.g.,	 ﾠlignin	 ﾠand	 ﾠxylose)	 ﾠand	 ﾠadvancements	 ﾠin	 ﾠtechnologies	 ﾠcomprising	 ﾠthe	 ﾠ
whole	 ﾠprocess.	 ﾠFor	 ﾠexample,	 ﾠif	 ﾠsuddenly	 ﾠa	 ﾠtechnology	 ﾠis	 ﾠdevised	 ﾠthat	 ﾠcan	 ﾠuse	 ﾠlignin	 ﾠresidue	 ﾠ
to	 ﾠmanufacture	 ﾠa	 ﾠvaluable	 ﾠpolymer	 ﾠor	 ﾠcan	 ﾠturn	 ﾠxylose	 ﾠinto	 ﾠa	 ﾠvaluable	 ﾠpharmaceutical,	 ﾠthat	 ﾠ
would	 ﾠradically	 ﾠchange	 ﾠthe	 ﾠlandscape	 ﾠfor	 ﾠdetermining	 ﾠwhat	 ﾠare	 ﾠthe	 ﾠoptimum	 ﾠconditions	 ﾠfor	 ﾠ
processing	 ﾠlignocellulosic	 ﾠbiomass.	 ﾠTherefore,	 ﾠa	 ﾠmodel	 ﾠwould	 ﾠbe	 ﾠuseful	 ﾠif	 ﾠit	 ﾠcould	 ﾠpredict	 ﾠ
the	 ﾠeffects	 ﾠof	 ﾠprocessing	 ﾠvariables	 ﾠon	 ﾠimportant	 ﾠoutput	 ﾠparameters.	 ﾠSuch	 ﾠa	 ﾠmodel	 ﾠcould	 ﾠ
find	 ﾠuse	 ﾠin	 ﾠfuture	 ﾠoptimization	 ﾠstrategies	 ﾠas	 ﾠthe	 ﾠlandscape	 ﾠchanges.	 ﾠ
The	 ﾠpurpose	 ﾠof	 ﾠthis	 ﾠthesis	 ﾠresearch	 ﾠis	 ﾠto	 ﾠdevelop	 ﾠsuch	 ﾠa	 ﾠprocess	 ﾠmodel	 ﾠfor	 ﾠNaOH	 ﾠ
pretreatment	 ﾠof	 ﾠone	 ﾠimportant	 ﾠlignocellulosic	 ﾠbiomass	 ﾠ(switchgrass).	 ﾠThe	 ﾠmodel,	 ﾠwhich	 ﾠis	 ﾠ
based	 ﾠon	 ﾠexperimental	 ﾠdata	 ﾠin	 ﾠthe	 ﾠliterature,	 ﾠpredicts	 ﾠvalues	 ﾠof	 ﾠimportant	 ﾠoutput	 ﾠ
parameters	 ﾠas	 ﾠfunctions	 ﾠof	 ﾠchoices	 ﾠmade	 ﾠin	 ﾠprocess	 ﾠvariables.	 ﾠ
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II.  Background	 ﾠ
2.1.  Lignocellulose	 ﾠ
Lignocellulose,	 ﾠa	 ﾠmain	 ﾠstructural	 ﾠcomponent	 ﾠof	 ﾠmany	 ﾠplants,	 ﾠrepresents	 ﾠa	 ﾠmajor	 ﾠ
source	 ﾠof	 ﾠrenewable	 ﾠorganic	 ﾠmatter.	 ﾠLignocellulosic	 ﾠbiomass	 ﾠis	 ﾠa	 ﾠheterogeneous	 ﾠcomplex	 ﾠof	 ﾠ
polymers,	 ﾠtypically	 ﾠcontaining	 ﾠ55-ﾭ‐75%	 ﾠcarbohydrates	 ﾠby	 ﾠdry	 ﾠweight	 ﾠ[1,	 ﾠ2].	 ﾠCellulose,	 ﾠ
hemicellulose	 ﾠand	 ﾠlignin	 ﾠconstitute	 ﾠlignocellulose,	 ﾠand	 ﾠthey	 ﾠare	 ﾠpresent	 ﾠin	 ﾠvarying	 ﾠamounts	 ﾠ
in	 ﾠthe	 ﾠdifferent	 ﾠparts	 ﾠof	 ﾠthe	 ﾠplant.	 ﾠThey	 ﾠare	 ﾠintimately	 ﾠassociated	 ﾠwith	 ﾠone	 ﾠanother	 ﾠto	 ﾠform	 ﾠ
the	 ﾠstructural	 ﾠframework	 ﾠof	 ﾠthe	 ﾠplant	 ﾠcell	 ﾠwall	 ﾠ[3,	 ﾠ4].	 ﾠIt	 ﾠis	 ﾠsuggested	 ﾠthat	 ﾠlignocellulosic	 ﾠ
biomass	 ﾠis	 ﾠa	 ﾠpromising	 ﾠreplacement	 ﾠfor	 ﾠthe	 ﾠpresent	 ﾠfossil-ﾭ‐based	 ﾠpetro-ﾭ‐chemical	 ﾠindustry	 ﾠ
because	 ﾠof	 ﾠits	 ﾠpotential	 ﾠcapability	 ﾠof	 ﾠproducing	 ﾠmany	 ﾠdifferent,	 ﾠvaluable	 ﾠbioenergy	 ﾠforms,	 ﾠ
such	 ﾠas	 ﾠliquid	 ﾠbiofuel,	 ﾠheat,	 ﾠand	 ﾠelectricity	 ﾠ[5].	 ﾠHowever,	 ﾠlignocellulose	 ﾠalso	 ﾠrepresents	 ﾠa	 ﾠbig	 ﾠ
limitation	 ﾠand	 ﾠchallenge	 ﾠin	 ﾠthe	 ﾠprocess	 ﾠof	 ﾠbioconversion,	 ﾠdue	 ﾠto	 ﾠits	 ﾠchemical	 ﾠcomposition	 ﾠ
and	 ﾠcell-ﾭ‐wall	 ﾠstructure.	 ﾠ	 ﾠ
	 ﾠ
2.1.1.  Cellulose	 ﾠ
Cellulose	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠmain	 ﾠconstituents	 ﾠof	 ﾠplants,	 ﾠserving	 ﾠto	 ﾠmaintain	 ﾠtheir	 ﾠ
structure.	 ﾠIt	 ﾠis	 ﾠthe	 ﾠmost	 ﾠabundant	 ﾠconstituent	 ﾠof	 ﾠthe	 ﾠplant	 ﾠcell	 ﾠwall.	 ﾠDespite	 ﾠ150	 ﾠyears	 ﾠof	 ﾠ
study,	 ﾠthe	 ﾠstructural	 ﾠfeatures	 ﾠof	 ﾠcellulose	 ﾠhave	 ﾠnot	 ﾠbeen	 ﾠidentified	 ﾠcompletely	 ﾠ[11].	 ﾠ
However,	 ﾠemploying	 ﾠadvanced	 ﾠtechnologies,	 ﾠtogether	 ﾠwith	 ﾠconventional	 ﾠanalytical	 ﾠtools,	 ﾠ
scientists	 ﾠhave	 ﾠdetermined	 ﾠmost	 ﾠof	 ﾠits	 ﾠstructural	 ﾠfeatures	 ﾠand	 ﾠforms.	 ﾠ5	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According	 ﾠto	 ﾠO’Sullivan,	 ﾠAnselme	 ﾠPayen	 ﾠfirst	 ﾠdiscovered	 ﾠand	 ﾠisolated	 ﾠcellulose	 ﾠfrom	 ﾠ
green	 ﾠplants	 ﾠover	 ﾠ150	 ﾠyears	 ﾠago.	 ﾠ[11]	 ﾠAnd	 ﾠin	 ﾠ1858,	 ﾠCarl	 ﾠvon	 ﾠNageli	 ﾠestablished	 ﾠa	 ﾠcrystalline	 ﾠ
structure	 ﾠof	 ﾠcellulose	 ﾠin	 ﾠthe	 ﾠfirst	 ﾠserous	 ﾠuse	 ﾠof	 ﾠthe	 ﾠpolarizing	 ﾠmicroscope	 ﾠ[11].	 ﾠAfter	 ﾠyears	 ﾠof	 ﾠ
study,	 ﾠit	 ﾠis	 ﾠwidely	 ﾠaccepted	 ﾠthat	 ﾠcellulose	 ﾠis	 ﾠpresent	 ﾠin	 ﾠbacteria,	 ﾠfungi,	 ﾠalgae	 ﾠand	 ﾠeven	 ﾠin	 ﾠ
animals.	 ﾠAs	 ﾠthe	 ﾠmain	 ﾠconstituent	 ﾠof	 ﾠplants,	 ﾠcellulose	 ﾠconsists	 ﾠof	 ﾠparts	 ﾠwith	 ﾠcrystalline	 ﾠ
structure,	 ﾠand	 ﾠparts	 ﾠwith	 ﾠan	 ﾠamorphous	 ﾠstructure,	 ﾠand	 ﾠthe	 ﾠcellulose	 ﾠstrands	 ﾠare	 ﾠ‘bundled’	 ﾠ
together	 ﾠwith	 ﾠweak	 ﾠhydrogen	 ﾠbonding	 ﾠ[12].	 ﾠIt	 ﾠis	 ﾠalso	 ﾠknown	 ﾠthat	 ﾠcellulose	 ﾠis	 ﾠa	 ﾠhomo-ﾭ‐
polysaccharide	 ﾠcomposed	 ﾠentirely	 ﾠof	 ﾠD-ﾭ‐glucose	 ﾠlinked	 ﾠby	 ﾠβ-ﾭ‐1,4-ﾭ‐glucosidic	 ﾠbonds	 ﾠ(Figure	 ﾠ
2.1)	 ﾠand	 ﾠwith	 ﾠa	 ﾠhigh	 ﾠdegree	 ﾠof	 ﾠpolymerization.	 ﾠThe	 ﾠlinear	 ﾠstructure	 ﾠof	 ﾠthe	 ﾠcellulose	 ﾠchain	 ﾠ
enables	 ﾠthe	 ﾠformation	 ﾠof	 ﾠboth	 ﾠintra-ﾭ‐	 ﾠand	 ﾠintermolecular	 ﾠhydrogen	 ﾠbonds,	 ﾠresulting	 ﾠin	 ﾠthe	 ﾠ
aggregation	 ﾠof	 ﾠchains	 ﾠinto	 ﾠelementary	 ﾠcrystalline	 ﾠfibrils.	 ﾠAlso	 ﾠit	 ﾠis	 ﾠclaimed	 ﾠthat	 ﾠthe	 ﾠsurface	 ﾠ
of	 ﾠcellulose	 ﾠcan	 ﾠbe	 ﾠviewed	 ﾠas	 ﾠamorphous	 ﾠ[13].	 ﾠ
	 ﾠ
	 ﾠ




2.1.2.  Hemicellulose	 ﾠ
Hemicellulose	 ﾠrepresents	 ﾠ20	 ﾠ–	 ﾠ35%	 ﾠof	 ﾠlignocellulosic	 ﾠbiomass	 ﾠ[6].	 ﾠThe	 ﾠ
dominant	 ﾠcomponent	 ﾠof	 ﾠhardwood	 ﾠhemicelluloses	 ﾠis	 ﾠxylan,	 ﾠand	 ﾠmain	 ﾠcomponents	 ﾠof	 ﾠ
softwood	 ﾠhemicelluloses	 ﾠare	 ﾠglucomannans	 ﾠ[6,	 ﾠ7,	 ﾠ8].	 ﾠHemicellulose	 ﾠhas	 ﾠa	 ﾠcomplex	 ﾠ
heterogeneous	 ﾠpolysaccharide	 ﾠstructure	 ﾠand	 ﾠhas	 ﾠalways	 ﾠpolymers	 ﾠof	 ﾠpentoses	 ﾠ(like	 ﾠ
xylose	 ﾠand	 ﾠarabinose),	 ﾠhexoses	 ﾠand	 ﾠa	 ﾠnumber	 ﾠof	 ﾠsugar	 ﾠacids.	 ﾠIt	 ﾠhas	 ﾠa	 ﾠlower	 ﾠ
molecular	 ﾠweight	 ﾠthan	 ﾠcellulose,	 ﾠand	 ﾠbranches	 ﾠwith	 ﾠshort	 ﾠlateral	 ﾠchains	 ﾠthat	 ﾠconsist	 ﾠ
of	 ﾠdifferent	 ﾠsugars,	 ﾠwhich	 ﾠare	 ﾠformed	 ﾠinto	 ﾠrelatively	 ﾠeasily	 ﾠhydrolysable	 ﾠpolymers	 ﾠ[8,	 ﾠ
10].	 ﾠXylans	 ﾠof	 ﾠmany	 ﾠplant	 ﾠmaterials	 ﾠare	 ﾠheteropolysaccharides	 ﾠwith	 ﾠhomopolymeric	 ﾠ
backbone	 ﾠchains	 ﾠof	 ﾠ1,4-ﾭ‐linked	 ﾠβ-ﾭ‐D-ﾭ‐xylopyranose	 ﾠunits.	 ﾠThe	 ﾠfrequency	 ﾠand	 ﾠ
composition	 ﾠof	 ﾠbranches	 ﾠare	 ﾠdependent	 ﾠon	 ﾠthe	 ﾠsource	 ﾠof	 ﾠxylan	 ﾠ[6,	 ﾠ9].	 ﾠ
	 ﾠ
2.1.3.  Lignin	 ﾠ
Lignin	 ﾠfills	 ﾠthe	 ﾠvoids	 ﾠin	 ﾠthe	 ﾠcell	 ﾠwall	 ﾠbetween	 ﾠcellulose	 ﾠand	 ﾠhemicellulose,	 ﾠand	 ﾠ
acts	 ﾠas	 ﾠan	 ﾠimpenetrable	 ﾠbarrier	 ﾠby	 ﾠpreventing	 ﾠthe	 ﾠpenetration	 ﾠof	 ﾠsolutions	 ﾠand	 ﾠ
enzymes	 ﾠinto	 ﾠpotentially	 ﾠfermentable	 ﾠcellulose	 ﾠand	 ﾠhemicellulose.	 ﾠThe	 ﾠmain	 ﾠ
purpose	 ﾠof	 ﾠlignin	 ﾠis	 ﾠto	 ﾠgive	 ﾠthe	 ﾠplant	 ﾠstructural	 ﾠsupport,	 ﾠimpermeability,	 ﾠand	 ﾠ
resistance	 ﾠagainst	 ﾠmicrobial	 ﾠattack	 ﾠand	 ﾠoxidative	 ﾠstress	 ﾠ[7,	 ﾠ8].	 ﾠAmong	 ﾠthese	 ﾠthree	 ﾠ
components	 ﾠof	 ﾠlignocellulose,	 ﾠlignin	 ﾠis	 ﾠthe	 ﾠmost	 ﾠrecalcitrant.	 ﾠ7	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Lignin	 ﾠis	 ﾠa	 ﾠcross-ﾭ‐linked,	 ﾠamorphous	 ﾠheteropolymer.	 ﾠIt	 ﾠcontains	 ﾠthree	 ﾠ
different	 ﾠphenylpropane	 ﾠunits	 ﾠ(p-ﾭ‐coumaryl,	 ﾠconiferyl	 ﾠand	 ﾠsinapyl	 ﾠalcohols)	 ﾠthat	 ﾠare	 ﾠ
linked	 ﾠtogether	 ﾠby	 ﾠvarious	 ﾠtypes	 ﾠof	 ﾠether	 ﾠand	 ﾠcarbon-ﾭ‐carbon	 ﾠbonds	 ﾠ[7,	 ﾠ14].	 ﾠ
	 ﾠ
2.2.  Pretreatment	 ﾠ
Pretreatment	 ﾠis	 ﾠan	 ﾠimportant	 ﾠprocess	 ﾠfor	 ﾠpractical	 ﾠbioenergy	 ﾠconversion	 ﾠ
from	 ﾠlignocelluose.	 ﾠPretreatment	 ﾠis	 ﾠrequired	 ﾠto	 ﾠalter	 ﾠthe	 ﾠstructure	 ﾠof	 ﾠlignocellulosic	 ﾠ
biomass	 ﾠto	 ﾠmake	 ﾠit	 ﾠmore	 ﾠaccessible	 ﾠto	 ﾠthe	 ﾠenzymes	 ﾠthat	 ﾠconvert	 ﾠthe	 ﾠcarbohydrate	 ﾠ
polymers	 ﾠinto	 ﾠfermentable	 ﾠsugars	 ﾠ[1].	 ﾠ(Figure	 ﾠ2.2)	 ﾠAnd	 ﾠaccording	 ﾠto	 ﾠMosier	 ﾠet	 ﾠal.,	 ﾠan	 ﾠ
effective	 ﾠpretreatment	 ﾠshould	 ﾠminimize	 ﾠthe	 ﾠneed	 ﾠfor	 ﾠreducing	 ﾠthe	 ﾠsize	 ﾠof	 ﾠbiomass	 ﾠ
particles,	 ﾠpreserve	 ﾠthe	 ﾠpentose	 ﾠfraction,	 ﾠlimit	 ﾠformation	 ﾠof	 ﾠdegradation	 ﾠproducts	 ﾠ
that	 ﾠinhibit	 ﾠgrowth	 ﾠof	 ﾠfermentative	 ﾠmicroorganism,	 ﾠminimize	 ﾠenergy	 ﾠdemands,	 ﾠand	 ﾠ
minimize	 ﾠcost	 ﾠ[1,	 ﾠ15].	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Figure	 ﾠ2.	 ﾠ2.	 ﾠSchematic	 ﾠof	 ﾠgoals	 ﾠof	 ﾠpretreatment	 ﾠon	 ﾠlignocellulosic	 ﾠmaterial.	 ﾠ(Mosier	 ﾠet	 ﾠal.	 ﾠ
[1])	 ﾠ
	 ﾠ
However,	 ﾠin	 ﾠreality	 ﾠit	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠfully	 ﾠachieve	 ﾠall	 ﾠof	 ﾠthese	 ﾠgoals.	 ﾠVarious	 ﾠ
technologies	 ﾠuse	 ﾠdifferent	 ﾠstrategies	 ﾠto	 ﾠincrease	 ﾠthe	 ﾠenzymatic	 ﾠconvertibility.	 ﾠ
Possible	 ﾠstrategies	 ﾠinclude	 ﾠchanging	 ﾠor	 ﾠremoving	 ﾠhemicellulose	 ﾠand/or	 ﾠlignin,	 ﾠ
increasing	 ﾠsurface	 ﾠarea	 ﾠand	 ﾠdecreasing	 ﾠthe	 ﾠcrystallinity	 ﾠof	 ﾠcellulose	 ﾠ[16,	 ﾠ1].	 ﾠ
Researchers	 ﾠhave	 ﾠdeveloped	 ﾠmany	 ﾠpretreatment	 ﾠmethods	 ﾠto	 ﾠincrease	 ﾠthe	 ﾠ
biodegradability	 ﾠof	 ﾠbiomass,	 ﾠsuch	 ﾠas	 ﾠthermal	 ﾠpretreatment,	 ﾠammonia	 ﾠfiber	 ﾠexplosion	 ﾠ
pretreatment,	 ﾠoxidative	 ﾠpretreatment,	 ﾠacid	 ﾠpretreatment,	 ﾠand	 ﾠalkaline	 ﾠpretreatment.	 ﾠ	 ﾠ
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2.2.1.  Thermal	 ﾠPretreatment	 ﾠ
Thermal	 ﾠpretreatment	 ﾠrequires	 ﾠthe	 ﾠlignocellulosic	 ﾠbiomass	 ﾠto	 ﾠbe	 ﾠheated	 ﾠto	 ﾠa	 ﾠ
high	 ﾠtemperature	 ﾠ(usually	 ﾠhigher	 ﾠthan	 ﾠ150°C).	 ﾠDue	 ﾠto	 ﾠthe	 ﾠhigh	 ﾠtemperature,	 ﾠ
hemicellulose	 ﾠand	 ﾠlignin	 ﾠof	 ﾠlignocellulosic	 ﾠbiomass	 ﾠwill	 ﾠbe	 ﾠpartially	 ﾠsolubilized.	 ﾠ[17,	 ﾠ
18]	 ﾠOf	 ﾠthe	 ﾠtwo	 ﾠdominant	 ﾠcomponents	 ﾠof	 ﾠhemicelluloses	 ﾠ(xylan	 ﾠand	 ﾠglucomannan),	 ﾠ
the	 ﾠxylans	 ﾠare	 ﾠthermally	 ﾠthe	 ﾠleast	 ﾠstable,	 ﾠbut	 ﾠtheir	 ﾠdifference	 ﾠin	 ﾠthis	 ﾠregard	 ﾠfrom	 ﾠthe	 ﾠ
glucomannans	 ﾠis	 ﾠsmall	 ﾠ[10].	 ﾠWhen	 ﾠthe	 ﾠthermal	 ﾠpretreatment	 ﾠtemperature	 ﾠgoes	 ﾠup	 ﾠto	 ﾠ
160˚C	 ﾠand	 ﾠhigher,	 ﾠit	 ﾠwill	 ﾠcause	 ﾠmore	 ﾠextensive	 ﾠsolubilization	 ﾠof	 ﾠboth	 ﾠhemicellulose	 ﾠ
and	 ﾠlignin.	 ﾠThe	 ﾠsoluble	 ﾠproduct	 ﾠcompounds	 ﾠare	 ﾠalmost	 ﾠalways	 ﾠphenolic	 ﾠcompounds	 ﾠ
that	 ﾠsometimes	 ﾠhave	 ﾠan	 ﾠinhibitory	 ﾠor	 ﾠtoxic	 ﾠeffect	 ﾠon	 ﾠbacteria,	 ﾠyeast	 ﾠand	 ﾠ
methanogens/archaea	 ﾠ[19].	 ﾠAlso,	 ﾠduring	 ﾠthe	 ﾠthermal	 ﾠpretreatment,	 ﾠtemperatures	 ﾠof	 ﾠ
250˚C	 ﾠand	 ﾠhigher	 ﾠshould	 ﾠbe	 ﾠavoided	 ﾠto	 ﾠprevent	 ﾠunwanted	 ﾠreactions	 ﾠof	 ﾠpyrolysis.	 ﾠ
Steam	 ﾠpretreatment	 ﾠand	 ﾠliquid	 ﾠhot	 ﾠwater	 ﾠpretreatment	 ﾠare	 ﾠtwo	 ﾠforms	 ﾠof	 ﾠthermal	 ﾠ
pretreatment.	 ﾠAt	 ﾠhigh	 ﾠtemperature,	 ﾠthermal	 ﾠpretreatment	 ﾠwill	 ﾠcause	 ﾠparts	 ﾠof	 ﾠthe	 ﾠ
hemicellulose	 ﾠto	 ﾠhydrolyze	 ﾠand	 ﾠform	 ﾠacids,	 ﾠwhich	 ﾠcould	 ﾠcatalyze	 ﾠthe	 ﾠfurther	 ﾠ
hydrolysis	 ﾠof	 ﾠthe	 ﾠhemicellulose	 ﾠ[17,	 ﾠ20,	 ﾠ26].	 ﾠ
	 ﾠ
2.2.2.  Ammonia	 ﾠFiber	 ﾠExplosion	 ﾠPretreatment	 ﾠ
Ammonia	 ﾠfiber	 ﾠexplosion	 ﾠ(AFEX)	 ﾠpretreatment,	 ﾠalso	 ﾠknown	 ﾠas	 ﾠammonia	 ﾠ
pretreatment,	 ﾠoffers	 ﾠpotential	 ﾠas	 ﾠa	 ﾠpretreatment	 ﾠfor	 ﾠlignocellulosic	 ﾠmaterial	 ﾠ[1,	 ﾠ21].	 ﾠ
In	 ﾠAFEX	 ﾠpretreatment,	 ﾠbiomass	 ﾠis	 ﾠtreated	 ﾠwith	 ﾠammonia	 ﾠat	 ﾠvarious	 ﾠreaction	 ﾠ
temperatures	 ﾠ(range	 ﾠfrom	 ﾠambient	 ﾠtemperature	 ﾠto	 ﾠ120˚C)	 ﾠfor	 ﾠvarious	 ﾠdurations	 ﾠ10	 ﾠ
	 ﾠ
(ranging	 ﾠfrom	 ﾠ60	 ﾠdays	 ﾠto	 ﾠ5	 ﾠmin).	 ﾠOptimized	 ﾠreaction	 ﾠconditions	 ﾠfor	 ﾠAFEX	 ﾠwould	 ﾠ
utilize	 ﾠmoderate	 ﾠtemperatures	 ﾠ(60-ﾭ‐100˚C)	 ﾠand	 ﾠhigh	 ﾠpressure	 ﾠ(250-ﾭ‐300	 ﾠpsi)	 ﾠfor	 ﾠ5	 ﾠ
min,	 ﾠwith	 ﾠsudden	 ﾠrelease	 ﾠof	 ﾠpressure	 ﾠ(hence	 ﾠthe	 ﾠword	 ﾠ“explosion”	 ﾠin	 ﾠthe	 ﾠname	 ﾠof	 ﾠ
this	 ﾠtechnology)	 ﾠ[22].	 ﾠIn	 ﾠthis	 ﾠprocess	 ﾠthe	 ﾠcombined	 ﾠchemical	 ﾠand	 ﾠphysical	 ﾠeffects	 ﾠof	 ﾠ
lignin	 ﾠsolubilization,	 ﾠhemicellulose	 ﾠhydrolysis,	 ﾠcellulose	 ﾠdecrystallizaion	 ﾠand	 ﾠ
increased	 ﾠsurface	 ﾠarea,	 ﾠenable	 ﾠincreased	 ﾠenzymatic	 ﾠconversion	 ﾠof	 ﾠcellulose	 ﾠand	 ﾠ
hemicellulose	 ﾠto	 ﾠfermentable	 ﾠsugars	 ﾠ[22].	 ﾠ
	 ﾠ
2.2.3.  Oxidative	 ﾠPretreatment	 ﾠ
Oxidative	 ﾠpretreatment	 ﾠconsists	 ﾠof	 ﾠthe	 ﾠaddition	 ﾠof	 ﾠan	 ﾠoxidizing	 ﾠcompound,	 ﾠ
like	 ﾠhydrogen	 ﾠperoxide	 ﾠor	 ﾠperacetic	 ﾠacid.	 ﾠThey	 ﾠare	 ﾠmixed	 ﾠwith	 ﾠbiomass,	 ﾠwhich	 ﾠis	 ﾠ
suspended	 ﾠin	 ﾠwater.	 ﾠIn	 ﾠthis	 ﾠpretreatment	 ﾠprocess,	 ﾠhemicellulose	 ﾠand	 ﾠlignin	 ﾠare	 ﾠ
partially	 ﾠremoved	 ﾠto	 ﾠincrease	 ﾠthe	 ﾠaccessibility	 ﾠof	 ﾠthe	 ﾠcellulose.	 ﾠReactions	 ﾠsuch	 ﾠas	 ﾠ
electrophilic	 ﾠsubstitution,	 ﾠdisplacement	 ﾠof	 ﾠside	 ﾠchains,	 ﾠcleavage	 ﾠof	 ﾠalkyl	 ﾠaryl	 ﾠether	 ﾠ
linages,	 ﾠand	 ﾠthe	 ﾠoxidative	 ﾠcleavage	 ﾠof	 ﾠaromatic	 ﾠnuclei	 ﾠtake	 ﾠplace.	 ﾠRisks	 ﾠof	 ﾠthis	 ﾠ
pretreatment	 ﾠare	 ﾠthe	 ﾠlosses	 ﾠof	 ﾠhemicellulose	 ﾠand	 ﾠcellulose,	 ﾠand	 ﾠformation	 ﾠof	 ﾠ
inhibitors	 ﾠfrom	 ﾠthe	 ﾠoxidization	 ﾠof	 ﾠlignin	 ﾠand	 ﾠformation	 ﾠof	 ﾠsoluble	 ﾠaromatic	 ﾠproducts	 ﾠ
[23,	 ﾠ24,	 ﾠ25].	 ﾠ
	 ﾠ
2.2.4.  Acid	 ﾠPretreatment	 ﾠ	 ﾠ
Acid	 ﾠpretreatment	 ﾠof	 ﾠlignocellulose	 ﾠcan	 ﾠbe	 ﾠdone	 ﾠat	 ﾠambient	 ﾠtemperature	 ﾠand	 ﾠ
can	 ﾠenhance	 ﾠdigestibility.	 ﾠThe	 ﾠextensive	 ﾠsolubilization	 ﾠof	 ﾠhemicellulose	 ﾠduring	 ﾠacid	 ﾠ11	 ﾠ
	 ﾠ
pretreatment	 ﾠmakes	 ﾠthe	 ﾠcellulose	 ﾠmore	 ﾠaccessible.	 ﾠAcid	 ﾠpretreatment	 ﾠcan	 ﾠbe	 ﾠdone	 ﾠin	 ﾠ
both	 ﾠdilute	 ﾠand	 ﾠstrong	 ﾠacids.	 ﾠSolubilization	 ﾠof	 ﾠhemicellulose	 ﾠis	 ﾠthe	 ﾠmain	 ﾠreaction	 ﾠ
during	 ﾠthis	 ﾠpretreatment,	 ﾠthough	 ﾠwith	 ﾠmore	 ﾠsevere	 ﾠconditions	 ﾠthere	 ﾠis	 ﾠappreciable	 ﾠ
solublization	 ﾠof	 ﾠcellulose,	 ﾠtoo.	 ﾠLignin	 ﾠis	 ﾠmuch	 ﾠless	 ﾠsolubilized	 ﾠthan	 ﾠeither	 ﾠof	 ﾠthe	 ﾠ
carbohydrate	 ﾠcomponents.	 ﾠParticularly	 ﾠwith	 ﾠuse	 ﾠof	 ﾠelevated	 ﾠtemperature,	 ﾠthe	 ﾠ
formation	 ﾠof	 ﾠfurfural,	 ﾠHMF	 ﾠ(hydroxymethylfurfural),	 ﾠand	 ﾠother	 ﾠcarbohydrate	 ﾠ
chemical-ﾭ‐degradation	 ﾠproducts	 ﾠcould	 ﾠpotentially	 ﾠinhibit	 ﾠfurther	 ﾠbioconversion	 ﾠ[27,	 ﾠ
6].	 ﾠAcid	 ﾠpretreatment	 ﾠwill	 ﾠrequire	 ﾠneutralization	 ﾠbefore	 ﾠsubsequent	 ﾠprocesses.	 ﾠ
Furthermore,	 ﾠit	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠrecycle/reuse	 ﾠthe	 ﾠresidual	 ﾠacid	 ﾠfor	 ﾠpretreatment	 ﾠof	 ﾠthe	 ﾠ
next	 ﾠbatch	 ﾠof	 ﾠincoming	 ﾠfeedstock	 ﾠbecause	 ﾠthe	 ﾠresidual	 ﾠacid	 ﾠis	 ﾠpresent	 ﾠwith	 ﾠsoluble	 ﾠ
sugars	 ﾠthat	 ﾠare	 ﾠdesired	 ﾠto	 ﾠbe	 ﾠsent	 ﾠto	 ﾠsubsequent	 ﾠenzymatic	 ﾠhydrolysis	 ﾠand	 ﾠ
fermentation	 ﾠprocesses;	 ﾠthere	 ﾠis	 ﾠno	 ﾠpractical	 ﾠway	 ﾠto	 ﾠseparate	 ﾠthe	 ﾠsoluble	 ﾠacids	 ﾠfrom	 ﾠ
the	 ﾠsoluble	 ﾠsugars.	 ﾠ
	 ﾠ
2.2.5.  Alkaline	 ﾠPretreatment	 ﾠ
Alkaline	 ﾠpretreatment	 ﾠhas	 ﾠbeen	 ﾠconducted	 ﾠwith	 ﾠeither	 ﾠNaOH	 ﾠor	 ﾠCa(OH)2.	 ﾠThe	 ﾠ
former	 ﾠis	 ﾠmore	 ﾠeffective	 ﾠat	 ﾠlower	 ﾠdoses	 ﾠthan	 ﾠthe	 ﾠlatter,	 ﾠbut	 ﾠthe	 ﾠlatter	 ﾠis	 ﾠconsiderably	 ﾠ
less	 ﾠexpensive	 ﾠper	 ﾠequivalent.	 ﾠDuring	 ﾠalkaline	 ﾠpretreatment	 ﾠthe	 ﾠfirst	 ﾠreactions	 ﾠ
taking	 ﾠplace	 ﾠare	 ﾠsolvation	 ﾠand	 ﾠalkaline	 ﾠhydrolysis	 ﾠof	 ﾠester	 ﾠlinkages	 ﾠ(saponification).	 ﾠ
These	 ﾠhydrolyses	 ﾠreactions	 ﾠresult	 ﾠin	 ﾠconsiderable	 ﾠsolubilization	 ﾠof	 ﾠlignin	 ﾠand	 ﾠ
hemicellulose	 ﾠfractions,	 ﾠwith	 ﾠvery	 ﾠlittle	 ﾠsolubilization	 ﾠof	 ﾠcellulose	 ﾠ(because	 ﾠit	 ﾠlacks	 ﾠ
ester	 ﾠlinkages).	 ﾠThe	 ﾠresult	 ﾠis	 ﾠa	 ﾠswelling	 ﾠof	 ﾠthe	 ﾠbiomass	 ﾠand	 ﾠan	 ﾠopening	 ﾠof	 ﾠthe	 ﾠ
structure	 ﾠthat	 ﾠmakes	 ﾠit	 ﾠmore	 ﾠaccessible	 ﾠto	 ﾠenzymes	 ﾠand	 ﾠbacteria.	 ﾠDifferent	 ﾠfrom	 ﾠacid	 ﾠ12	 ﾠ
	 ﾠ
pretreatment,	 ﾠthe	 ﾠdesired	 ﾠproduct	 ﾠfrom	 ﾠalkaline	 ﾠpretreatment	 ﾠ(i.e.,	 ﾠavailable	 ﾠ
cellulose)	 ﾠresides	 ﾠmostly	 ﾠin	 ﾠthe	 ﾠremaining	 ﾠsolids,	 ﾠwhich	 ﾠallows	 ﾠseparation	 ﾠof	 ﾠsolids	 ﾠ
from	 ﾠresidual	 ﾠalkali,	 ﾠallowing	 ﾠthe	 ﾠreuse/recycle	 ﾠof	 ﾠremaining	 ﾠalkali	 ﾠ[10,	 ﾠ40].	 ﾠ
However,	 ﾠduring	 ﾠthe	 ﾠalkaline	 ﾠpretreatment,	 ﾠthe	 ﾠsaponification	 ﾠreactions	 ﾠwill	 ﾠ
consume	 ﾠsome	 ﾠof	 ﾠthe	 ﾠalkali,	 ﾠthus	 ﾠthere	 ﾠwill	 ﾠbe	 ﾠneed	 ﾠfor	 ﾠadditional,	 ﾠfresh	 ﾠalkali	 ﾠto	 ﾠ
restore	 ﾠthe	 ﾠrecycled	 ﾠalkali	 ﾠto	 ﾠsome	 ﾠdesired,	 ﾠinitial	 ﾠlevel	 ﾠ[40].	 ﾠNonetheless,	 ﾠthe	 ﾠability	 ﾠ
to	 ﾠconduct	 ﾠpretreatment	 ﾠeffectively	 ﾠat	 ﾠambient	 ﾠtemperature	 ﾠand	 ﾠto	 ﾠrecycle/reuse	 ﾠa	 ﾠ
significant	 ﾠportion	 ﾠof	 ﾠthe	 ﾠadded	 ﾠalkali	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠprincipal	 ﾠadvantages	 ﾠof	 ﾠalkaline	 ﾠ
pretreatment.	 ﾠ
	 ﾠ
2.3.  Hydrolysis	 ﾠ
Enzymatic	 ﾠhydrolysis	 ﾠof	 ﾠpolysaccharides	 ﾠin	 ﾠraw	 ﾠlignocellulose	 ﾠis	 ﾠdifficult.	 ﾠ
However,	 ﾠafter	 ﾠpretreatment,	 ﾠlarge	 ﾠamounts	 ﾠof	 ﾠcellulose	 ﾠand	 ﾠother	 ﾠpolysaccharides,	 ﾠ
which	 ﾠcan	 ﾠbe	 ﾠtransformed	 ﾠto	 ﾠuseful	 ﾠbioenergy,	 ﾠare	 ﾠmore	 ﾠaccessible	 ﾠto	 ﾠhydrolytic	 ﾠ
enzymes.	 ﾠ	 ﾠ
Hydrolysis	 ﾠof	 ﾠpretreated	 ﾠlignocellulose	 ﾠto	 ﾠsimple	 ﾠsugars	 ﾠtypically	 ﾠuses	 ﾠ
enzymes	 ﾠderived	 ﾠfrom	 ﾠfilamentous	 ﾠfungi,	 ﾠparticularly	 ﾠTrichoderma	 ﾠspp.	 ﾠThese	 ﾠ
enzymes	 ﾠusually	 ﾠcontain	 ﾠhigh	 ﾠlevels	 ﾠof	 ﾠcellulases,	 ﾠtogether	 ﾠwith	 ﾠlower	 ﾠamounts	 ﾠof	 ﾠ
enzymes	 ﾠthat	 ﾠattack	 ﾠhemicellulose	 ﾠ[30].	 ﾠBecause	 ﾠof	 ﾠthe	 ﾠhigh	 ﾠcontent	 ﾠof	 ﾠcellulose	 ﾠin	 ﾠ
lignocellulosic	 ﾠbiomass	 ﾠ(and	 ﾠthe	 ﾠrole	 ﾠof	 ﾠhexose	 ﾠas	 ﾠa	 ﾠsubstrate	 ﾠfor	 ﾠthe	 ﾠfermentative	 ﾠ
production	 ﾠof	 ﾠethanol),	 ﾠresearchers	 ﾠhave	 ﾠfocused	 ﾠon	 ﾠimproving	 ﾠthe	 ﾠhydrolytic	 ﾠ
efficiency	 ﾠof	 ﾠcellulases.	 ﾠHowever,	 ﾠsome	 ﾠpretreatment	 ﾠmethods	 ﾠleave	 ﾠthe	 ﾠ13	 ﾠ
	 ﾠ
hemicelluloses	 ﾠin	 ﾠthe	 ﾠmaterial	 ﾠand	 ﾠefficient	 ﾠhydrolysis	 ﾠof	 ﾠcellulose	 ﾠtherefore	 ﾠbenefits	 ﾠ
from	 ﾠthe	 ﾠauxiliary	 ﾠuse	 ﾠof	 ﾠhemicellulases	 ﾠ[5].	 ﾠ	 ﾠ
For	 ﾠcellulose,	 ﾠthere	 ﾠare	 ﾠmany	 ﾠenzymes	 ﾠto	 ﾠmake	 ﾠthe	 ﾠhydrolysis	 ﾠprocess	 ﾠ
efficient.	 ﾠThe	 ﾠcellulolytic	 ﾠenzymes	 ﾠare	 ﾠdivided	 ﾠinto	 ﾠthree	 ﾠclasses:	 ﾠexo-ﾭ‐1,4-ﾭ‐β-ﾭ‐D-ﾭ‐
glucanases	 ﾠor	 ﾠcellobiohydrolases	 ﾠ(CBH)	 ﾠ(EC	 ﾠ3.2.1.91),	 ﾠendo-ﾭ‐1,4-ﾭ‐β-ﾭ‐D-ﾭ‐glucanases	 ﾠ(EG)	 ﾠ
(EC	 ﾠ3.2.1.4),	 ﾠand	 ﾠ1,4-ﾭ‐β-ﾭ‐D-ﾭ‐glucosidases	 ﾠ(EC3.2.1.21).	 ﾠThese	 ﾠenzymes	 ﾠcan	 ﾠwork	 ﾠ
together	 ﾠto	 ﾠhydrolyze	 ﾠcellulose	 ﾠby	 ﾠcreating	 ﾠnew	 ﾠaccessible	 ﾠsites	 ﾠfor	 ﾠeach	 ﾠother.	 ﾠFor	 ﾠ
hemicellulose,	 ﾠhydrolysis	 ﾠis	 ﾠmore	 ﾠcomplex	 ﾠdue	 ﾠto	 ﾠits	 ﾠheterogeneity	 ﾠwith	 ﾠdifferent	 ﾠ
side	 ﾠgroups.	 ﾠTypical	 ﾠhemicellulases	 ﾠinclude	 ﾠendo-ﾭ‐1,4-ﾭ‐β-ﾭ‐D-ﾭ‐xylanases	 ﾠ(EC	 ﾠ3.2.1.8),	 ﾠ1,4-ﾭ‐
β-ﾭ‐D-ﾭ‐xylosidases	 ﾠ(EC	 ﾠ3.2.1.37),	 ﾠand	 ﾠendo-ﾭ‐1,4-ﾭ‐β-ﾭ‐D-ﾭ‐mannanases	 ﾠ(EC	 ﾠ3.2.1.78)	 ﾠ[5,	 ﾠ31,	 ﾠ
32].	 ﾠA	 ﾠlot	 ﾠof	 ﾠresearch	 ﾠis	 ﾠbeing	 ﾠdone	 ﾠon	 ﾠimproving	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠthe	 ﾠenzymes,	 ﾠ
including	 ﾠscreening	 ﾠfor	 ﾠnew	 ﾠenzyme-ﾭ‐producing	 ﾠmicroorganisms,	 ﾠrandom	 ﾠ
mutagenesis	 ﾠof	 ﾠfungal	 ﾠstrains	 ﾠand	 ﾠgenetic	 ﾠengineering	 ﾠof	 ﾠindividual	 ﾠenzymes	 ﾠ[5].	 ﾠ
Many	 ﾠresearchers	 ﾠreported	 ﾠthat	 ﾠadding	 ﾠMultifect	 ﾠXylanase	 ﾠ(MX)	 ﾠto	 ﾠcellulase-ﾭ‐	 ﾠ
and	 ﾠβ-ﾭ‐glucosidase-ﾭ‐mediated	 ﾠhydrolysis	 ﾠof	 ﾠmany	 ﾠplants	 ﾠcould	 ﾠeffectively	 ﾠincrease	 ﾠthe	 ﾠ
glucose	 ﾠproduction	 ﾠafter	 ﾠalkaline	 ﾠor	 ﾠacidic	 ﾠpretreatments	 ﾠ[33,	 ﾠ34,	 ﾠ35,	 ﾠ30].	 ﾠThe	 ﾠutility	 ﾠ
of	 ﾠhemicellulases	 ﾠafter	 ﾠalkaline	 ﾠpretreatment	 ﾠmakes	 ﾠobvious	 ﾠsense,	 ﾠbecause	 ﾠthe	 ﾠ
remaining	 ﾠbiomass	 ﾠsolids	 ﾠafter	 ﾠalkaline	 ﾠtreatment	 ﾠcontain	 ﾠa	 ﾠlarge	 ﾠportion	 ﾠof	 ﾠthe	 ﾠ
original	 ﾠhemicellulose	 ﾠpolymers,	 ﾠand	 ﾠduring	 ﾠthe	 ﾠenzymatic	 ﾠprocess	 ﾠthey	 ﾠcan	 ﾠbe	 ﾠ
broken	 ﾠdown	 ﾠand	 ﾠincrease	 ﾠthe	 ﾠexpected	 ﾠglucose	 ﾠyields	 ﾠ[33,	 ﾠ30,	 ﾠ34].	 ﾠIt	 ﾠis	 ﾠmore	 ﾠ
surprising	 ﾠ—	 ﾠbut	 ﾠwidely	 ﾠproven	 ﾠ—	 ﾠthat	 ﾠaddition	 ﾠof	 ﾠhemicellulases	 ﾠto	 ﾠcellulase-ﾭ‐	 ﾠand	 ﾠ
β-ﾭ‐glucosidase-ﾭ‐mediated	 ﾠhydrolysis	 ﾠof	 ﾠacid-ﾭ‐pretreated	 ﾠlignocellulosic	 ﾠbiomasses	 ﾠcan	 ﾠ
increase	 ﾠglucose	 ﾠyields,	 ﾠtoo	 ﾠ–	 ﾠeven	 ﾠthough	 ﾠacid	 ﾠpretreatment	 ﾠitself	 ﾠusually	 ﾠresults	 ﾠin	 ﾠ14	 ﾠ
	 ﾠ
extensive	 ﾠsolubilization	 ﾠof	 ﾠhemicellulose	 ﾠ(i.e.,	 ﾠthere	 ﾠis	 ﾠlittle	 ﾠhemicellulose	 ﾠremaining	 ﾠ
in	 ﾠacid-ﾭ‐pretreated	 ﾠsolids)	 ﾠ[36,	 ﾠ37,	 ﾠ30,	 ﾠ33].	 ﾠ
MX	 ﾠhas	 ﾠa	 ﾠhigh	 ﾠxylanase	 ﾠactivity.	 ﾠThough	 ﾠthe	 ﾠmechanism	 ﾠby	 ﾠwhich	 ﾠ
hemicellulase	 ﾠenzymes	 ﾠassist	 ﾠcellulases	 ﾠis	 ﾠnot	 ﾠcompletely	 ﾠunderstood,	 ﾠresearchers	 ﾠ
[33,	 ﾠ30,	 ﾠ38]	 ﾠhave	 ﾠsuggested	 ﾠthat	 ﾠcellulase	 ﾠactivity	 ﾠin	 ﾠMX	 ﾠmight	 ﾠbe	 ﾠone	 ﾠcause	 ﾠof	 ﾠ
increased	 ﾠglucose	 ﾠproduction	 ﾠfrom	 ﾠits	 ﾠaddition	 ﾠfollowing	 ﾠacid	 ﾠpretreatment.	 ﾠAlso,	 ﾠit	 ﾠ
is	 ﾠrecognized	 ﾠthat	 ﾠhemicellulase	 ﾠenzymes	 ﾠhydrolyze	 ﾠnon-ﾭ‐cellulosic	 ﾠcarbohydrate	 ﾠ
polymers	 ﾠand	 ﾠmake	 ﾠthe	 ﾠcellulose	 ﾠmore	 ﾠaccessible	 ﾠto	 ﾠcellulases.	 ﾠ
	 ﾠ
2.4.  Dewatering	 ﾠ
After	 ﾠalkaline	 ﾠpretreatment,	 ﾠbefore	 ﾠenzymatic	 ﾠhydrolysis,	 ﾠthe	 ﾠresidues	 ﾠfrom	 ﾠ
pretreatment	 ﾠare	 ﾠdewatered	 ﾠto	 ﾠproduce	 ﾠa	 ﾠhigh-ﾭ‐solids-ﾭ‐concentration	 ﾠpressed	 ﾠcake.	 ﾠ
Higher	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠenables	 ﾠusing	 ﾠhigher	 ﾠsolids	 ﾠ
concentrations	 ﾠin	 ﾠthe	 ﾠenzymatic	 ﾠhydrolysis	 ﾠprocess	 ﾠ(and	 ﾠthus	 ﾠhigher	 ﾠresulting	 ﾠsugar	 ﾠ
concentrations	 ﾠand	 ﾠtherefore	 ﾠhigher	 ﾠethanol	 ﾠconcentrations,	 ﾠpost-ﾭ‐hydrolysis).	 ﾠIt	 ﾠalso	 ﾠ
results	 ﾠin	 ﾠmore	 ﾠalkaline	 ﾠliquid	 ﾠrecycled	 ﾠback	 ﾠto	 ﾠthe	 ﾠpretreatment	 ﾠprocess	 ﾠ(and	 ﾠthus	 ﾠ
more	 ﾠalkali	 ﾠrecovered	 ﾠfor	 ﾠreuse).	 ﾠHowever,	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠhydrophilic	 ﾠnature	 ﾠof	 ﾠ
lignocellulosic	 ﾠbiomass,	 ﾠthe	 ﾠprocess	 ﾠof	 ﾠdewatering	 ﾠis	 ﾠvery	 ﾠdifficult.	 ﾠThe	 ﾠwhole	 ﾠ
dewatering	 ﾠprocess	 ﾠfor	 ﾠpretreated	 ﾠlignocellulosic	 ﾠbiomass	 ﾠis	 ﾠsimilar	 ﾠto	 ﾠthe	 ﾠ
mechanical	 ﾠtechnology	 ﾠin	 ﾠsludge	 ﾠdewatering	 ﾠfrom	 ﾠwastewater	 ﾠtreatment	 ﾠprocesses	 ﾠ
and	 ﾠpulp-ﾭ‐pressing	 ﾠoperations	 ﾠin	 ﾠthe	 ﾠpaper	 ﾠindustry.	 ﾠ	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The	 ﾠachievement	 ﾠof	 ﾠhigh	 ﾠsolids	 ﾠconcentration	 ﾠafter	 ﾠdewatering	 ﾠis	 ﾠrelated	 ﾠto	 ﾠ
the	 ﾠstate	 ﾠof	 ﾠthe	 ﾠwater	 ﾠin	 ﾠtreated	 ﾠmixtures.	 ﾠThe	 ﾠstates	 ﾠof	 ﾠwater	 ﾠin	 ﾠmixtures	 ﾠwere	 ﾠ
studied	 ﾠ[39],	 ﾠand	 ﾠthey	 ﾠwere	 ﾠseparated	 ﾠinto	 ﾠfour	 ﾠcategories:	 ﾠfree	 ﾠ(or	 ﾠbulk)	 ﾠwater,	 ﾠ
interstitial	 ﾠwater,	 ﾠvicinal	 ﾠwater,	 ﾠand	 ﾠwater	 ﾠof	 ﾠhydration	 ﾠ(Figure	 ﾠ2.3).	 ﾠFree	 ﾠwater	 ﾠ
refers	 ﾠto	 ﾠwater	 ﾠnot	 ﾠassociated	 ﾠwith	 ﾠand	 ﾠnot	 ﾠinfluenced	 ﾠby	 ﾠthe	 ﾠsuspended	 ﾠsolids	 ﾠ
particles.	 ﾠInterstitial	 ﾠwater	 ﾠrefers	 ﾠto	 ﾠwater	 ﾠtrapped	 ﾠin	 ﾠthe	 ﾠcrevices	 ﾠand	 ﾠinterstitial	 ﾠ
spaces	 ﾠof	 ﾠflocs	 ﾠand	 ﾠorganisms.	 ﾠVicinal	 ﾠwater	 ﾠrefers	 ﾠto	 ﾠwater	 ﾠmolecules	 ﾠheld	 ﾠtightly	 ﾠto	 ﾠ
the	 ﾠparticle	 ﾠsurfaces.	 ﾠWater	 ﾠof	 ﾠhydration	 ﾠrefers	 ﾠto	 ﾠthe	 ﾠwater	 ﾠchemically	 ﾠbound	 ﾠto	 ﾠ
particles	 ﾠand	 ﾠcan	 ﾠonly	 ﾠbe	 ﾠremoved	 ﾠby	 ﾠthermal	 ﾠenergy.	 ﾠThe	 ﾠfree	 ﾠwater	 ﾠis	 ﾠthe	 ﾠfraction	 ﾠ




Figure	 ﾠ2.	 ﾠ3.	 ﾠRepresentation	 ﾠof	 ﾠa	 ﾠsludge	 ﾠfloc.	 ﾠ(Brown	 ﾠet	 ﾠal.	 ﾠ[39])	 ﾠ
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The	 ﾠmost	 ﾠwidely	 ﾠused	 ﾠmechanical	 ﾠdewatering	 ﾠtechnologies	 ﾠare	 ﾠ
centrifugation,	 ﾠvacuum	 ﾠfiltration,	 ﾠbelt	 ﾠfilter	 ﾠpresses	 ﾠand	 ﾠplate/frame	 ﾠfilter	 ﾠpresses.	 ﾠ
	 ﾠ
2.4.1.  Centrifugation	 ﾠ
Centrifuges	 ﾠused	 ﾠin	 ﾠdewatering	 ﾠemploy	 ﾠcentrifugal	 ﾠforce	 ﾠto	 ﾠseparate	 ﾠwater	 ﾠ
and	 ﾠsolids.	 ﾠTwo	 ﾠbasic	 ﾠtypes	 ﾠare	 ﾠsolid-ﾭ‐bowl	 ﾠand	 ﾠimperforate-ﾭ‐basket	 ﾠcentrifuges	 ﾠ
(Figure	 ﾠ2.4).	 ﾠIn	 ﾠthe	 ﾠsolid-ﾭ‐bowl	 ﾠdevice,	 ﾠmaterial	 ﾠis	 ﾠfed	 ﾠcontinuously	 ﾠinto	 ﾠthe	 ﾠrotating	 ﾠ
bowl,	 ﾠwhere	 ﾠit	 ﾠis	 ﾠseparated	 ﾠinto	 ﾠa	 ﾠdense	 ﾠcake	 ﾠand	 ﾠliquid.	 ﾠIn	 ﾠsludge	 ﾠmanagement	 ﾠ
operations,	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠcake	 ﾠgenerally	 ﾠvaries	 ﾠfrom	 ﾠ10%	 ﾠto	 ﾠ35%	 ﾠ
[43].	 ﾠThe	 ﾠimperforate-ﾭ‐basket	 ﾠcentrifuge	 ﾠoperates	 ﾠon	 ﾠa	 ﾠbatch	 ﾠbasis.	 ﾠThe	 ﾠliquid	 ﾠ
material	 ﾠis	 ﾠintroduced	 ﾠinto	 ﾠa	 ﾠvertically	 ﾠmounted	 ﾠspinning	 ﾠbowl.	 ﾠThe	 ﾠsolids	 ﾠ
accumulate	 ﾠagainst	 ﾠthe	 ﾠwall	 ﾠof	 ﾠthe	 ﾠbowl	 ﾠuntil	 ﾠthe	 ﾠsolids-ﾭ‐holding	 ﾠcapacity	 ﾠof	 ﾠmachine	 ﾠ
has	 ﾠbeen	 ﾠreached.	 ﾠAfter	 ﾠthe	 ﾠcentrifuge	 ﾠis	 ﾠfilled	 ﾠwith	 ﾠsolids,	 ﾠthe	 ﾠunit	 ﾠstarts	 ﾠto	 ﾠ
decelerate.	 ﾠThen	 ﾠthe	 ﾠsludge	 ﾠis	 ﾠremoved	 ﾠfrom	 ﾠthe	 ﾠinner	 ﾠwall,	 ﾠand	 ﾠseparated	 ﾠfrom	 ﾠthe	 ﾠ
centrifuged	 ﾠliquid.	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Figure	 ﾠ2.	 ﾠ4.	 ﾠCentrifuges	 ﾠused	 ﾠfor	 ﾠthe	 ﾠthickening	 ﾠof	 ﾠsludge:	 ﾠ(a)	 ﾠsolid	 ﾠbowl	 ﾠand	 ﾠ(b)	 ﾠ
imperforate	 ﾠbasket.	 ﾠ(Tchobanoglous	 ﾠand	 ﾠBurton	 ﾠ[42])	 ﾠ
	 ﾠ
For	 ﾠseparating	 ﾠliquids	 ﾠof	 ﾠdifferent	 ﾠdensity,	 ﾠthickening	 ﾠslurries,	 ﾠor	 ﾠremoving	 ﾠ
solids,	 ﾠthe	 ﾠcentrifugation	 ﾠprocess	 ﾠis	 ﾠwidely	 ﾠused	 ﾠin	 ﾠindustry.	 ﾠThe	 ﾠfootprint	 ﾠrequired	 ﾠ
for	 ﾠa	 ﾠcentrifuge	 ﾠinstallation	 ﾠis	 ﾠless	 ﾠthan	 ﾠthat	 ﾠrequired	 ﾠfor	 ﾠother	 ﾠdewatering	 ﾠdevices	 ﾠof	 ﾠ18	 ﾠ
	 ﾠ
equal	 ﾠcapacity,	 ﾠand	 ﾠthe	 ﾠinitial	 ﾠcost	 ﾠis	 ﾠlower.	 ﾠHowever,	 ﾠhigher	 ﾠelectric	 ﾠpower	 ﾠcosts	 ﾠare	 ﾠ
required	 ﾠ[43].	 ﾠ
	 ﾠ
2.4.2.  Vacuum	 ﾠFiltration	 ﾠ
In	 ﾠvacuum	 ﾠfiltration,	 ﾠliquid	 ﾠslurry	 ﾠis	 ﾠapplied	 ﾠonto	 ﾠa	 ﾠporous	 ﾠmedium	 ﾠat	 ﾠ
atmospheric	 ﾠpressure.	 ﾠA	 ﾠvacuum	 ﾠis	 ﾠapplied	 ﾠdownstream	 ﾠof	 ﾠthe	 ﾠfilter	 ﾠmedium,	 ﾠand	 ﾠ
due	 ﾠto	 ﾠthe	 ﾠpressure	 ﾠdifference,	 ﾠthe	 ﾠliquid	 ﾠin	 ﾠthe	 ﾠslurry	 ﾠis	 ﾠforced	 ﾠthrough	 ﾠthe	 ﾠporous	 ﾠ
medium	 ﾠand	 ﾠseparated	 ﾠfrom	 ﾠthe	 ﾠsolids.	 ﾠThe	 ﾠprimary	 ﾠcomposition	 ﾠof	 ﾠa	 ﾠtypical	 ﾠ
vacuum	 ﾠfilter	 ﾠconsists	 ﾠof	 ﾠa	 ﾠhorizontal	 ﾠcylindrical	 ﾠdrum	 ﾠwith	 ﾠa	 ﾠporous-ﾭ‐medium-ﾭ‐
covered	 ﾠsurface	 ﾠand	 ﾠa	 ﾠseparate	 ﾠvacuum	 ﾠto	 ﾠprovide	 ﾠpressure	 ﾠdifference	 ﾠ[43].	 ﾠ
Vacuum	 ﾠfiltration	 ﾠrequires	 ﾠa	 ﾠrelatively	 ﾠbig	 ﾠfootprint,	 ﾠhigh	 ﾠmaintenance,	 ﾠand	 ﾠhigh	 ﾠ
electrical	 ﾠpower	 ﾠconsumption	 ﾠcost.	 ﾠ
	 ﾠ
2.4.3.  Belt	 ﾠFilter	 ﾠPress	 ﾠ
Belt	 ﾠfilter	 ﾠpresses	 ﾠare	 ﾠcontinuously	 ﾠfed	 ﾠdewatering	 ﾠdevices	 ﾠthat	 ﾠinvolve	 ﾠ
gravity	 ﾠdrainage,	 ﾠfollowed	 ﾠby	 ﾠmechanically	 ﾠapplied	 ﾠpressure	 ﾠto	 ﾠdewater	 ﾠslurries	 ﾠ
(Figure	 ﾠ2.5).	 ﾠIn	 ﾠwastewater	 ﾠtreatment	 ﾠapplications,	 ﾠconditioned	 ﾠsludge	 ﾠis	 ﾠfirst	 ﾠ
introduced	 ﾠonto	 ﾠa	 ﾠgravity	 ﾠdrainage	 ﾠsection	 ﾠwhere	 ﾠit	 ﾠis	 ﾠallowed	 ﾠto	 ﾠthicken.	 ﾠIn	 ﾠthis	 ﾠ
section,	 ﾠa	 ﾠmajority	 ﾠof	 ﾠfree	 ﾠwater	 ﾠis	 ﾠremoved	 ﾠfrom	 ﾠthe	 ﾠsludge	 ﾠby	 ﾠgravity.	 ﾠFollowing	 ﾠ
gravity	 ﾠdrainage,	 ﾠpressure	 ﾠis	 ﾠapplied	 ﾠin	 ﾠa	 ﾠlow-ﾭ‐pressure	 ﾠsection,	 ﾠwhere	 ﾠthe	 ﾠsludge	 ﾠis	 ﾠ
squeezed	 ﾠbetween	 ﾠopposing	 ﾠporous	 ﾠcloth	 ﾠbelts.	 ﾠThe	 ﾠsqueezing	 ﾠand	 ﾠshearing	 ﾠforces	 ﾠ
thus	 ﾠinduce	 ﾠthe	 ﾠrelease	 ﾠof	 ﾠadditional	 ﾠquantities	 ﾠof	 ﾠwater	 ﾠfrom	 ﾠthe	 ﾠsludge	 ﾠ[43].	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Figure	 ﾠ2.	 ﾠ5.	 ﾠBelt	 ﾠpress	 ﾠdewatering.	 ﾠ(Tchobanoglous	 ﾠand	 ﾠBurton	 ﾠ[43])	 ﾠ
	 ﾠ
2.4.4.  Plate/Frame	 ﾠFilter	 ﾠPresses	 ﾠ
In	 ﾠplate	 ﾠor	 ﾠframe	 ﾠfilter	 ﾠpresses,	 ﾠdewatering	 ﾠis	 ﾠachieved	 ﾠby	 ﾠforcing	 ﾠthe	 ﾠwater	 ﾠ
from	 ﾠslurries	 ﾠunder	 ﾠhigh	 ﾠpressure.	 ﾠAnd	 ﾠthere	 ﾠare	 ﾠtwo	 ﾠmain	 ﾠtypes:	 ﾠone	 ﾠis	 ﾠthe	 ﾠfixed-ﾭ‐
volume,	 ﾠrecessed-ﾭ‐plate	 ﾠfilter,	 ﾠthe	 ﾠother	 ﾠis	 ﾠthe	 ﾠvariable-ﾭ‐volume,	 ﾠrecessed-ﾭ‐plate	 ﾠfilter.	 ﾠ
The	 ﾠformer	 ﾠconsists	 ﾠof	 ﾠa	 ﾠseries	 ﾠof	 ﾠrectangular	 ﾠplates,	 ﾠrecessed	 ﾠon	 ﾠboth	 ﾠsides,	 ﾠa	 ﾠfilter	 ﾠ
cloth,	 ﾠand	 ﾠplates	 ﾠheld	 ﾠtogether	 ﾠwith	 ﾠsufficient	 ﾠforce	 ﾠto	 ﾠwithstand	 ﾠthe	 ﾠpressure	 ﾠ
(Figure	 ﾠ2.6).	 ﾠDuring	 ﾠthe	 ﾠfiltration,	 ﾠliquid	 ﾠis	 ﾠforced	 ﾠthrough	 ﾠthe	 ﾠfilter	 ﾠcloth	 ﾠand	 ﾠthe	 ﾠ
high	 ﾠconcentration	 ﾠof	 ﾠsolids	 ﾠremaining	 ﾠon	 ﾠthe	 ﾠfilter	 ﾠplates.	 ﾠThe	 ﾠvariable-ﾭ‐volume,	 ﾠ
recessed-ﾭ‐plate	 ﾠfilter	 ﾠis	 ﾠusually	 ﾠused	 ﾠin	 ﾠwastewater	 ﾠapplications	 ﾠfor	 ﾠsludge	 ﾠ20	 ﾠ
	 ﾠ
dewatering.	 ﾠThis	 ﾠtype	 ﾠof	 ﾠfilter	 ﾠpress	 ﾠis	 ﾠsimilar	 ﾠto	 ﾠthe	 ﾠfixed-ﾭ‐volume	 ﾠpress	 ﾠexcept	 ﾠthat	 ﾠ
a	 ﾠrubber	 ﾠdiaphragm	 ﾠis	 ﾠplaced	 ﾠbehind	 ﾠthe	 ﾠfilter	 ﾠmedia	 ﾠto	 ﾠachieve	 ﾠfinal	 ﾠsqueeze	 ﾠ
pressure.	 ﾠThe	 ﾠadvantages	 ﾠof	 ﾠthe	 ﾠplate/frame	 ﾠfilter	 ﾠpresses	 ﾠare	 ﾠhigh	 ﾠsolids	 ﾠ
concentrations	 ﾠachieved,	 ﾠfiltrate	 ﾠclarity,	 ﾠand	 ﾠhigh	 ﾠsolids	 ﾠcapture.	 ﾠBut	 ﾠfilter	 ﾠpresses	 ﾠ
also	 ﾠrequire	 ﾠhigh	 ﾠlabor	 ﾠcost,	 ﾠhave	 ﾠmechanical	 ﾠcomplexity,	 ﾠand	 ﾠare	 ﾠlimited	 ﾠby	 ﾠthe	 ﾠ
filter	 ﾠcloth	 ﾠlife	 ﾠ[43].	 ﾠ
	 ﾠ
Figure	 ﾠ2.	 ﾠ6.	 ﾠFixed	 ﾠvolume,	 ﾠrecessed	 ﾠplate	 ﾠfilter	 ﾠpress.	 ﾠ(Tchobanoglous	 ﾠand	 ﾠBurton	 ﾠ[43])	 ﾠ
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2.4.5.  Dewatering	 ﾠin	 ﾠThe	 ﾠPulp	 ﾠand	 ﾠPaper	 ﾠIndustry	 ﾠ
The	 ﾠprocess	 ﾠof	 ﾠdraining	 ﾠa	 ﾠpulp	 ﾠsuspension	 ﾠto	 ﾠform	 ﾠa	 ﾠpaper	 ﾠsheet	 ﾠis	 ﾠsimilar	 ﾠto	 ﾠ
the	 ﾠdewatering	 ﾠprocess	 ﾠof	 ﾠalkali-ﾭ‐pretreated,	 ﾠlignocellulosic	 ﾠbiomass.	 ﾠAqueous	 ﾠ
cellulosic	 ﾠsuspensions	 ﾠare	 ﾠused	 ﾠas	 ﾠstarting	 ﾠmaterial	 ﾠin	 ﾠall	 ﾠpulp	 ﾠdewatering	 ﾠprocesses.	 ﾠ
The	 ﾠpulping	 ﾠinvolves	 ﾠcomminution	 ﾠand	 ﾠsuspension	 ﾠof	 ﾠthe	 ﾠresultant	 ﾠfibers	 ﾠin	 ﾠwater,	 ﾠ
and	 ﾠit	 ﾠis	 ﾠgenerally	 ﾠnecessary	 ﾠto	 ﾠwash	 ﾠand	 ﾠfilter	 ﾠthe	 ﾠpulp	 ﾠseveral	 ﾠtimes.	 ﾠThe	 ﾠfiltering	 ﾠis	 ﾠ
normally	 ﾠeffected	 ﾠby	 ﾠdrainage	 ﾠthrough	 ﾠa	 ﾠscreen	 ﾠ[28].	 ﾠOne	 ﾠof	 ﾠthe	 ﾠmany	 ﾠtechnologies	 ﾠ
used	 ﾠfor	 ﾠdewatering	 ﾠis	 ﾠthe	 ﾠbowl	 ﾠcentrifuge.	 ﾠIt	 ﾠis	 ﾠused	 ﾠin	 ﾠearly	 ﾠpaper	 ﾠdewatering	 ﾠ
processes	 ﾠand	 ﾠcould	 ﾠusually	 ﾠachieve	 ﾠsolids	 ﾠconcentration	 ﾠranging	 ﾠfrom	 ﾠ13%	 ﾠto	 ﾠ35%.	 ﾠ
However	 ﾠdue	 ﾠto	 ﾠits	 ﾠhigh	 ﾠoperation	 ﾠand	 ﾠmaintenance	 ﾠcosts,	 ﾠcentrifuge	 ﾠtechnology	 ﾠhas	 ﾠ
largely	 ﾠbeen	 ﾠreplaced.	 ﾠVacuum	 ﾠfilters	 ﾠhave	 ﾠbeen	 ﾠused	 ﾠin	 ﾠboth	 ﾠprimary	 ﾠand	 ﾠsecondary	 ﾠ
treatment,	 ﾠbut	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠachieved	 ﾠis	 ﾠlow.	 ﾠBelt	 ﾠfilter	 ﾠpresses	 ﾠand	 ﾠV-ﾭ‐
presses	 ﾠhave	 ﾠbeen	 ﾠwidely	 ﾠused.	 ﾠBoth	 ﾠbelt	 ﾠfilter	 ﾠpresses	 ﾠand	 ﾠV-ﾭ‐presses	 ﾠcan	 ﾠdeal	 ﾠwith	 ﾠ
a	 ﾠlarge	 ﾠquantity	 ﾠof	 ﾠmixture	 ﾠand	 ﾠcan	 ﾠachieve	 ﾠa	 ﾠhigh	 ﾠsolids	 ﾠconcentration	 ﾠrange	 ﾠfrom	 ﾠ
19%	 ﾠto	 ﾠ35%	 ﾠ[28].	 ﾠ
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III.  Modeling	 ﾠ
3.1.  Model	 ﾠOverview	 ﾠ
Pretreatment	 ﾠand	 ﾠhydrolysis	 ﾠprocesses	 ﾠwere	 ﾠthe	 ﾠsubjects	 ﾠof	 ﾠmodeling.	 ﾠThe	 ﾠ
processing	 ﾠscheme	 ﾠis	 ﾠenvisioned	 ﾠas	 ﾠoccurring	 ﾠin	 ﾠbatch	 ﾠmode.	 ﾠA	 ﾠsimplified	 ﾠprocess	 ﾠ
configuration	 ﾠ(Figure	 ﾠ3.1)	 ﾠis	 ﾠshown	 ﾠto	 ﾠillustrate	 ﾠthe	 ﾠflow	 ﾠscheme.	 ﾠAn	 ﾠalkaline	 ﾠ
pretreatment	 ﾠreactor	 ﾠis	 ﾠused	 ﾠin	 ﾠwhich	 ﾠa	 ﾠquantity	 ﾠof	 ﾠincoming	 ﾠfeedstock,	 ﾠmakeup	 ﾠ(i.e.,	 ﾠ
new)	 ﾠNaOH,	 ﾠand	 ﾠrecirculated	 ﾠ(reused)	 ﾠalkali-ﾭ‐containing	 ﾠpretreatment	 ﾠliquor	 ﾠare	 ﾠ
mixed.	 ﾠAfter	 ﾠa	 ﾠfixed	 ﾠperiod	 ﾠof	 ﾠpretreatment	 ﾠ(24	 ﾠh),	 ﾠthe	 ﾠmixed	 ﾠcontents	 ﾠare	 ﾠ
transferred	 ﾠto	 ﾠa	 ﾠfilter	 ﾠpress	 ﾠfor	 ﾠseparation	 ﾠof	 ﾠpretreated	 ﾠsolids,	 ﾠwith	 ﾠrecycle	 ﾠof	 ﾠ
product	 ﾠliquor	 ﾠback	 ﾠto	 ﾠthe	 ﾠpretreatment	 ﾠreactor	 ﾠ(thereby	 ﾠminimizing,	 ﾠas	 ﾠmuch	 ﾠas	 ﾠ
possible,	 ﾠthe	 ﾠrequirement	 ﾠfor	 ﾠfresh	 ﾠalkali).	 ﾠSince	 ﾠthe	 ﾠfilter	 ﾠpress	 ﾠis	 ﾠexpected	 ﾠto	 ﾠ
achieve	 ﾠonly	 ﾠabout	 ﾠ20	 ﾠto	 ﾠ30%	 ﾠsolids	 ﾠconcentration,	 ﾠsignificant	 ﾠwater	 ﾠwill	 ﾠaccompany	 ﾠ
the	 ﾠpressed	 ﾠcake,	 ﾠmeaning	 ﾠthat	 ﾠadditional	 ﾠprocess	 ﾠwater	 ﾠwill	 ﾠbe	 ﾠrequired	 ﾠin	 ﾠ
pretreatment	 ﾠto	 ﾠachieve	 ﾠa	 ﾠwater	 ﾠmass-ﾭ‐balance.	 ﾠThis	 ﾠrequired,	 ﾠmakeup	 ﾠwater	 ﾠis	 ﾠ
optimally	 ﾠadded	 ﾠthrough	 ﾠthe	 ﾠfilter	 ﾠpress	 ﾠ(rather	 ﾠthan	 ﾠdirectly	 ﾠto	 ﾠthe	 ﾠpretreatment	 ﾠ
reactor),	 ﾠthereby	 ﾠrecovering	 ﾠas	 ﾠmuch	 ﾠresidual	 ﾠalkali	 ﾠas	 ﾠpossible	 ﾠfrom	 ﾠthe	 ﾠpressed	 ﾠ
solids.	 ﾠWhat	 ﾠis	 ﾠenvisioned	 ﾠis	 ﾠa	 ﾠsort	 ﾠof	 ﾠdouble-ﾭ‐pressing	 ﾠoperation:	 ﾠthe	 ﾠalkaline	 ﾠsolids	 ﾠ
from	 ﾠpretreatment	 ﾠwould	 ﾠbe	 ﾠpressed;	 ﾠand	 ﾠthen	 ﾠmakeup	 ﾠwater	 ﾠwould	 ﾠbe	 ﾠpressed	 ﾠ
through	 ﾠthe	 ﾠcake	 ﾠin	 ﾠa	 ﾠsecond	 ﾠpressing.	 ﾠThe	 ﾠresultant,	 ﾠrinsed	 ﾠcake	 ﾠwould	 ﾠthen	 ﾠbe	 ﾠ
transferred	 ﾠto	 ﾠa	 ﾠmixed,	 ﾠenzymatic-ﾭ‐hydrolysis	 ﾠreactor	 ﾠwhere	 ﾠit	 ﾠwould	 ﾠbe	 ﾠdiluted	 ﾠto	 ﾠ
desired	 ﾠsolids	 ﾠconcentration	 ﾠwith	 ﾠwater,	 ﾠneutralizing	 ﾠHCl,	 ﾠcitrate	 ﾠbuffer	 ﾠand	 ﾠ23	 ﾠ
	 ﾠ
enzymes.	 ﾠHydrolysis	 ﾠwould	 ﾠthen	 ﾠproceed	 ﾠin	 ﾠbatch	 ﾠmode	 ﾠfor	 ﾠthe	 ﾠdesired	 ﾠperiod	 ﾠ
(assumed	 ﾠ72	 ﾠh).	 ﾠ
	 ﾠ
	 ﾠ
A	 ﾠfeature	 ﾠof	 ﾠthis	 ﾠscheme	 ﾠ(reflected	 ﾠin	 ﾠits	 ﾠmodeling)	 ﾠis	 ﾠthat	 ﾠ–	 ﾠat	 ﾠsteady	 ﾠstate	 ﾠ–	 ﾠ
the	 ﾠkg	 ﾠof	 ﾠsoluble	 ﾠproducts	 ﾠ(soluble	 ﾠsugars,	 ﾠlignin,	 ﾠetc.)	 ﾠformed	 ﾠin	 ﾠpretreatment	 ﾠfrom	 ﾠ
each	 ﾠbatch	 ﾠof	 ﾠswitchgrass	 ﾠmust	 ﾠdepart	 ﾠwith	 ﾠthe	 ﾠpressed	 ﾠcake.	 ﾠWhat	 ﾠthis	 ﾠmeans	 ﾠis	 ﾠ
that	 ﾠthe	 ﾠlower	 ﾠthe	 ﾠwater	 ﾠcontent	 ﾠof	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠand/or	 ﾠthe	 ﾠmore	 ﾠeffective	 ﾠthe	 ﾠ
rinsing	 ﾠof	 ﾠthe	 ﾠcake	 ﾠwith	 ﾠadded	 ﾠmakeup	 ﾠwater,	 ﾠthe	 ﾠhigher	 ﾠwill	 ﾠbe	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠ
soluble	 ﾠproducts	 ﾠin	 ﾠthe	 ﾠrecycle	 ﾠline	 ﾠand	 ﾠpretreatment	 ﾠreactor.	 ﾠTheir	 ﾠconcentration	 ﾠ
will	 ﾠrise	 ﾠto	 ﾠa	 ﾠpoint	 ﾠwhere,	 ﾠat	 ﾠsteady-ﾭ‐state,	 ﾠthe	 ﾠquantity	 ﾠof	 ﾠsoluble	 ﾠproducts	 ﾠdeparting	 ﾠ
with	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠwill	 ﾠequal	 ﾠthe	 ﾠamount	 ﾠof	 ﾠnew	 ﾠsoluble	 ﾠproducts	 ﾠformed	 ﾠper	 ﾠ
batch.	 ﾠThe	 ﾠobvious	 ﾠconcern,	 ﾠof	 ﾠcourse	 ﾠis	 ﾠwhether	 ﾠhigh	 ﾠconcentrations	 ﾠof	 ﾠsuch	 ﾠ
soluble	 ﾠproducts	 ﾠwill	 ﾠinhibit	 ﾠdesired	 ﾠreactions	 ﾠof	 ﾠpretreatment.	 ﾠPavlostathis	 ﾠand	 ﾠ



















Figure	 ﾠ3.	 ﾠ1.	 ﾠPretreatment	 ﾠand	 ﾠhydrolysis	 ﾠoperations	 ﾠfor	 ﾠprocessing	 ﾠswitchgrass	 ﾠwith	 ﾠfiltrate	 ﾠ
recycle.	 ﾠ24	 ﾠ
	 ﾠ
no	 ﾠadverse	 ﾠeffect	 ﾠon	 ﾠpretreatment	 ﾠeffectiveness	 ﾠcaused	 ﾠof	 ﾠhigh	 ﾠconcentrations	 ﾠof	 ﾠ
accumulated,	 ﾠsoluble	 ﾠproducts	 ﾠ[40].	 ﾠ
Data	 ﾠused	 ﾠin	 ﾠmodeling	 ﾠcame	 ﾠfrom	 ﾠstudies	 ﾠconducted	 ﾠby	 ﾠDeborah	 ﾠL.	 ﾠSills	 ﾠ[33].	 ﾠ
Her	 ﾠdiscrete	 ﾠpretreatment	 ﾠdata	 ﾠ(e.g.,	 ﾠeffects	 ﾠof	 ﾠdifferent	 ﾠlevels	 ﾠof	 ﾠNaOH	 ﾠon	 ﾠ
solubilization	 ﾠof	 ﾠbiomass	 ﾠcomponents	 ﾠand	 ﾠalkali	 ﾠconsumption)	 ﾠwere	 ﾠfirst	 ﾠfit	 ﾠ
empirically	 ﾠwith	 ﾠsmooth	 ﾠfunctions.	 ﾠThen	 ﾠenzymatic	 ﾠhydrolysis	 ﾠwas	 ﾠmodeled	 ﾠusing	 ﾠ
functional	 ﾠrelationships	 ﾠthat	 ﾠSills	 ﾠdeveloped	 ﾠto	 ﾠpredict	 ﾠglucose	 ﾠand	 ﾠxylose	 ﾠ
productions	 ﾠas	 ﾠfunctions	 ﾠof	 ﾠcellulose	 ﾠand	 ﾠhemicellulose	 ﾠloadings	 ﾠ[33].	 ﾠBecause	 ﾠthe	 ﾠ
enzyme	 ﾠcocktails	 ﾠcontain	 ﾠβ-ﾭ‐glucosidase	 ﾠand	 ﾠxylosidase,	 ﾠall	 ﾠsolubilized	 ﾠglucan	 ﾠand	 ﾠ
xylan	 ﾠare	 ﾠhydrolyzed	 ﾠinto	 ﾠglucose	 ﾠand	 ﾠxylose,	 ﾠrespectively.	 ﾠIn	 ﾠthe	 ﾠhydrolysis	 ﾠprocess,	 ﾠ
enzymes	 ﾠare	 ﾠadded	 ﾠto	 ﾠsolubilize	 ﾠthe	 ﾠglucan	 ﾠand	 ﾠxylan,	 ﾠHCl	 ﾠis	 ﾠadded	 ﾠto	 ﾠneutralize	 ﾠ
residual	 ﾠNaOH,	 ﾠand	 ﾠcitrate	 ﾠbuffer	 ﾠis	 ﾠadded	 ﾠto	 ﾠcontrol	 ﾠpH.	 ﾠ
In	 ﾠthe	 ﾠfollowing	 ﾠsections,	 ﾠmodel	 ﾠassumptions,	 ﾠdevelopment,	 ﾠand	 ﾠsample	 ﾠ
calculations	 ﾠare	 ﾠpresented.	 ﾠThe	 ﾠfinal,	 ﾠExcel-ﾭ‐based	 ﾠmodel	 ﾠmay	 ﾠbe	 ﾠdownloaded	 ﾠfrom	 ﾠ
http://www.ithacoin.com/NaOHpt-ﾭ‐hydrolysis-ﾭ‐model.htm.	 ﾠ
	 ﾠ
3.2.  Model	 ﾠAssumptions	 ﾠ
The	 ﾠoverall	 ﾠmodel	 ﾠis	 ﾠseparated	 ﾠinto	 ﾠtwo	 ﾠparts.	 ﾠThe	 ﾠfirst	 ﾠis	 ﾠthe	 ﾠpretreatment	 ﾠ
process,	 ﾠwith	 ﾠincoming	 ﾠraw	 ﾠfeedstock,	 ﾠalkali	 ﾠpretreatment	 ﾠreactor	 ﾠ(with	 ﾠincoming	 ﾠ
makeup	 ﾠNaOH),	 ﾠfilter	 ﾠpress	 ﾠ(with	 ﾠincoming	 ﾠmakeup	 ﾠwater)	 ﾠand	 ﾠrecycle	 ﾠline;	 ﾠand	 ﾠthe	 ﾠ
second	 ﾠis	 ﾠthe	 ﾠhydrolysis	 ﾠprocess,	 ﾠwith	 ﾠincoming	 ﾠpressed	 ﾠcake,	 ﾠhydrolysis	 ﾠreactor,	 ﾠ
and	 ﾠadded	 ﾠenzyme,	 ﾠHCl,	 ﾠcitrate	 ﾠbuffer	 ﾠand	 ﾠmakeup	 ﾠwater.	 ﾠ25	 ﾠ
	 ﾠ
The	 ﾠwhole	 ﾠprocess	 ﾠis	 ﾠseen	 ﾠas	 ﾠa	 ﾠbatch	 ﾠflow.	 ﾠFor	 ﾠmodeling	 ﾠpurposes,	 ﾠwe	 ﾠ
considered	 ﾠeach	 ﾠbatch	 ﾠto	 ﾠconsist	 ﾠof	 ﾠ1000	 ﾠkg	 ﾠ(dry	 ﾠweight)	 ﾠraw	 ﾠswitchgrass.	 ﾠ
Switchgrass,	 ﾠa	 ﾠperennial	 ﾠbiomass,	 ﾠwas	 ﾠselected	 ﾠas	 ﾠa	 ﾠpotential	 ﾠlignocellulosic	 ﾠ
feedstock	 ﾠfor	 ﾠthe	 ﾠstudy,	 ﾠdue	 ﾠto	 ﾠits	 ﾠhigh	 ﾠyields	 ﾠand	 ﾠstrong	 ﾠability	 ﾠto	 ﾠgrow	 ﾠin	 ﾠUnited	 ﾠ
States.	 ﾠSwitchgrass	 ﾠwill	 ﾠbe	 ﾠchopped	 ﾠand	 ﾠdried	 ﾠbefore	 ﾠit	 ﾠcomes	 ﾠto	 ﾠthe	 ﾠpretreatment	 ﾠ
reactor.	 ﾠReported	 ﾠchemical	 ﾠcomponent	 ﾠanalysis	 ﾠis	 ﾠsummarized	 ﾠin	 ﾠTable	 ﾠ3.1	 ﾠ[33].	 ﾠ
	 ﾠ
Table	 ﾠ3.	 ﾠ1.	 ﾠUntreated	 ﾠand	 ﾠpretreated	 ﾠ(20	 ﾠg	 ﾠNaOH	 ﾠper	 ﾠ100	 ﾠg	 ﾠTS)	 ﾠswitchgrass	 ﾠ
composition,	 ﾠ%	 ﾠof	 ﾠinitial	 ﾠdry	 ﾠmatter	 ﾠ(TS)	 ﾠin	 ﾠraw	 ﾠbiomass	 ﾠ[33].	 ﾠ
Switch
grass	 ﾠ TS	 ﾠ
Glucan	 ﾠ Xylan	 ﾠ
Lignin	 ﾠ NaOH	 ﾠ
consumption	 ﾠ particulate	 ﾠ soluble	 ﾠ particulate	 ﾠ soluble	 ﾠ
Before	 ﾠ
PT	 ﾠ
100	 ﾠ 36.2	 ﾠ 0	 ﾠ 20.1	 ﾠ 0	 ﾠ 18.9	 ﾠ 0	 ﾠ
After	 ﾠ
PT	 ﾠ 69.7	 ﾠ 33.9	 ﾠ 1.13	 ﾠ 16.4	 ﾠ 4.36	 ﾠ 9.81	 ﾠ 5.62	 ﾠ
	 ﾠ
	 ﾠ
NaOH	 ﾠwas	 ﾠchosen	 ﾠas	 ﾠthe	 ﾠalkali	 ﾠfor	 ﾠpretreatment.	 ﾠMakeup	 ﾠNaOH	 ﾠis	 ﾠrequired	 ﾠin	 ﾠ
the	 ﾠalkaline	 ﾠpretreatment	 ﾠreactor	 ﾠto	 ﾠmaintain	 ﾠthe	 ﾠdesired	 ﾠinitial	 ﾠalkali	 ﾠlevel	 ﾠin	 ﾠ
pretreatment.	 ﾠThe	 ﾠamount	 ﾠof	 ﾠmakeup	 ﾠNaOH	 ﾠdepends	 ﾠon	 ﾠthe	 ﾠchemical	 ﾠconsumption	 ﾠ
and	 ﾠthe	 ﾠamount	 ﾠof	 ﾠNaOH	 ﾠlost	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake.	 ﾠMakeup	 ﾠwater,	 ﾠtogether	 ﾠwith	 ﾠ
other	 ﾠfluids	 ﾠfrom	 ﾠthe	 ﾠrecycle	 ﾠline,	 ﾠand	 ﾠswitchgrass	 ﾠproduce	 ﾠa	 ﾠmixture	 ﾠwith	 ﾠ5%	 ﾠ
(w/w)	 ﾠtotal	 ﾠswitchgrass	 ﾠsolids	 ﾠ(TS)	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠreactor.	 ﾠ
Through	 ﾠpretreatment,	 ﾠsolids	 ﾠare	 ﾠpartially	 ﾠsolubilized;	 ﾠand	 ﾠsome	 ﾠNaOH	 ﾠis	 ﾠ
consumed	 ﾠdue	 ﾠto	 ﾠchemical	 ﾠreaction.	 ﾠA	 ﾠrelatively	 ﾠsmall	 ﾠamount	 ﾠof	 ﾠwater	 ﾠis	 ﾠconsumed	 ﾠ26	 ﾠ
	 ﾠ
in	 ﾠhydrolysis	 ﾠreactions	 ﾠof	 ﾠpretreatment	 ﾠ(e.g.,	 ﾠglucan	 ﾠto	 ﾠglucose	 ﾠand	 ﾠxylan	 ﾠto	 ﾠxylose).	 ﾠ
It	 ﾠis	 ﾠnot	 ﾠknown	 ﾠthe	 ﾠextent	 ﾠto	 ﾠwhich	 ﾠcarbohydrate	 ﾠpolymers	 ﾠthat	 ﾠare	 ﾠsolubilized	 ﾠ
result	 ﾠin	 ﾠmonomers,	 ﾠversus	 ﾠsmaller	 ﾠoligomers,	 ﾠbut	 ﾠwe	 ﾠhave	 ﾠassumed	 ﾠhere	 ﾠ(worst	 ﾠ
case	 ﾠscenario)	 ﾠthat	 ﾠall	 ﾠthe	 ﾠsolubilized	 ﾠglucan	 ﾠand	 ﾠxylan	 ﾠare	 ﾠhydrolyzed	 ﾠinto	 ﾠglucose	 ﾠ
and	 ﾠxylose.	 ﾠTherefore,	 ﾠduring	 ﾠthe	 ﾠhydrolysis	 ﾠprocess	 ﾠof	 ﾠthe	 ﾠglucan	 ﾠand	 ﾠxylan,	 ﾠwater	 ﾠ
is	 ﾠconsumed	 ﾠwith	 ﾠthe	 ﾠratios	 ﾠof	 ﾠ0.1111	 ﾠg	 ﾠwater	 ﾠper	 ﾠg	 ﾠglucan	 ﾠsolubilized	 ﾠand	 ﾠ0.1364	 ﾠg	 ﾠ
water	 ﾠper	 ﾠg	 ﾠxylan	 ﾠsolubilized.	 ﾠWe	 ﾠhave	 ﾠneglected	 ﾠany	 ﾠwater	 ﾠconsumption	 ﾠpossibly	 ﾠ
occurring	 ﾠfrom	 ﾠthe	 ﾠsolubilization	 ﾠof	 ﾠlignin	 ﾠand	 ﾠother	 ﾠspecies.	 ﾠSo	 ﾠthe	 ﾠtotal	 ﾠwater	 ﾠafter	 ﾠ
pretreatment	 ﾠis	 ﾠreduced	 ﾠby	 ﾠthe	 ﾠamount	 ﾠof	 ﾠchemical	 ﾠconsumption	 ﾠresulting	 ﾠfrom	 ﾠ
glucan	 ﾠand	 ﾠxylan	 ﾠhydrolysis.	 ﾠ
All	 ﾠthe	 ﾠmaterials	 ﾠafter	 ﾠalkaline	 ﾠpretreatment	 ﾠproceed	 ﾠto	 ﾠa	 ﾠfilter	 ﾠpress.	 ﾠThe	 ﾠ
mixed	 ﾠmaterial	 ﾠis	 ﾠcompressed	 ﾠtwice	 ﾠin	 ﾠthe	 ﾠpress	 ﾠ—	 ﾠonce	 ﾠafter	 ﾠthe	 ﾠtransfer	 ﾠof	 ﾠall	 ﾠ
materials;	 ﾠonce	 ﾠagain	 ﾠafter	 ﾠthe	 ﾠaddition	 ﾠof	 ﾠmakeup	 ﾠwater.	 ﾠMakeup	 ﾠwater	 ﾠput	 ﾠinto	 ﾠthe	 ﾠ
cake	 ﾠis	 ﾠintended	 ﾠto	 ﾠrinse	 ﾠthe	 ﾠmixture	 ﾠto	 ﾠrecover	 ﾠas	 ﾠmuch	 ﾠresidual	 ﾠalkali	 ﾠas	 ﾠpossible.	 ﾠ
If	 ﾠthe	 ﾠrinsing	 ﾠof	 ﾠmakeup	 ﾠwater	 ﾠwere	 ﾠan	 ﾠideal,	 ﾠplug-ﾭ‐flow	 ﾠprocess	 ﾠ(piston-ﾭ‐like),	 ﾠnear	 ﾠ
complete	 ﾠrecovery	 ﾠof	 ﾠentrained	 ﾠNaOH	 ﾠwould	 ﾠbe	 ﾠpossible.	 ﾠIdeal	 ﾠplug-ﾭ‐flow	 ﾠis	 ﾠnot	 ﾠ
possible,	 ﾠso	 ﾠwe	 ﾠhave	 ﾠassumed	 ﾠsome	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠexchange	 ﾠ(less	 ﾠthan	 ﾠone).	 ﾠThe	 ﾠ
amount	 ﾠof	 ﾠthe	 ﾠmakeup	 ﾠwater	 ﾠdepends	 ﾠon	 ﾠthe	 ﾠchemical	 ﾠwater	 ﾠconsumption	 ﾠand	 ﾠ
water	 ﾠcontent	 ﾠdeparting	 ﾠwith	 ﾠthe	 ﾠpressed	 ﾠcake.	 ﾠOverall,	 ﾠafter	 ﾠthese	 ﾠtwo	 ﾠpressings,	 ﾠ
the	 ﾠchemical	 ﾠconcentrations	 ﾠin	 ﾠentrained	 ﾠwater	 ﾠwithin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠ
as	 ﾠdiluted	 ﾠto	 ﾠ(1–	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠexchange)	 ﾠtimes	 ﾠthe	 ﾠchemical	 ﾠconcentrations	 ﾠ
existing	 ﾠin	 ﾠthe	 ﾠliquor	 ﾠafter	 ﾠpretreatment.	 ﾠHowever,	 ﾠthe	 ﾠconcentrations	 ﾠof	 ﾠchemicals	 ﾠ
in	 ﾠthe	 ﾠrecycle	 ﾠline	 ﾠare	 ﾠnot	 ﾠthe	 ﾠsame	 ﾠas	 ﾠthe	 ﾠentrained	 ﾠwater	 ﾠin	 ﾠthe	 ﾠcake,	 ﾠbecause	 ﾠthey	 ﾠ27	 ﾠ
	 ﾠ
are	 ﾠdiluted	 ﾠby	 ﾠdifferent	 ﾠfractions	 ﾠof	 ﾠmakeup	 ﾠwater.	 ﾠ(This	 ﾠwill	 ﾠbe	 ﾠillustrated	 ﾠbelow	 ﾠ
with	 ﾠsample	 ﾠcalculations.)	 ﾠPressed	 ﾠcake	 ﾠthen	 ﾠmoves	 ﾠto	 ﾠthe	 ﾠhydrolysis	 ﾠtreatment	 ﾠ
reactor.	 ﾠ	 ﾠ
In	 ﾠhydrolysis,	 ﾠSills	 ﾠemployed	 ﾠa	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠ2.5%	 ﾠTS	 ﾠ(w/w)	 ﾠin	 ﾠ0.05	 ﾠ
M	 ﾠcitrate	 ﾠbuffer	 ﾠ(pH	 ﾠ4.8)	 ﾠwith	 ﾠtetracycline	 ﾠ(30	 ﾠmg	 ﾠ/L)	 ﾠand	 ﾠcyclohexamide	 ﾠ(20	 ﾠmg/L)	 ﾠ
to	 ﾠprevent	 ﾠmicrobial	 ﾠgrowth,	 ﾠat	 ﾠ50oC	 ﾠ[33].	 ﾠShe	 ﾠalso	 ﾠexamined	 ﾠhydrolysis	 ﾠat	 ﾠup	 ﾠto	 ﾠ15%	 ﾠ
TS	 ﾠconcentrations,	 ﾠand	 ﾠfound	 ﾠno	 ﾠsignificant	 ﾠdifference	 ﾠin	 ﾠsugar	 ﾠconversions	 ﾠwith	 ﾠ
different	 ﾠsolids	 ﾠconcentration.	 ﾠTherefore,	 ﾠvariable	 ﾠsolids	 ﾠconcentrations	 ﾠin	 ﾠ
hydrolysis	 ﾠup	 ﾠwere	 ﾠallowed	 ﾠup	 ﾠto	 ﾠ15%,	 ﾠwithout	 ﾠadjustment	 ﾠof	 ﾠconversions	 ﾠfrom	 ﾠthe	 ﾠ
predictive	 ﾠmodels	 ﾠshe	 ﾠdeveloped	 ﾠ[33].	 ﾠ	 ﾠ
We	 ﾠassume	 ﾠthat	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠcoming	 ﾠto	 ﾠthe	 ﾠenzymatic	 ﾠhydrolysis	 ﾠprocess	 ﾠ
is	 ﾠdiluted	 ﾠwith	 ﾠfresh,	 ﾠmakeup	 ﾠwater;	 ﾠneutralized	 ﾠwith	 ﾠHCl	 ﾠ(in	 ﾠan	 ﾠamount	 ﾠequivalent	 ﾠ
to	 ﾠthe	 ﾠresidual	 ﾠNaOH	 ﾠcarried	 ﾠin	 ﾠwith	 ﾠthe	 ﾠpressed	 ﾠsolids);	 ﾠthen	 ﾠmixed	 ﾠwith	 ﾠcitrate	 ﾠ
buffer	 ﾠand	 ﾠenzymes	 ﾠ(cellulose,	 ﾠβ-ﾭ‐glucosidase,	 ﾠand	 ﾠxylanase).	 ﾠ	 ﾠ
From	 ﾠSills	 ﾠ[33],	 ﾠthe	 ﾠinformation	 ﾠabout	 ﾠthe	 ﾠthree	 ﾠenzymes	 ﾠis	 ﾠshown	 ﾠin	 ﾠTable	 ﾠ
3.2.	 ﾠ
	 ﾠ
Table	 ﾠ3.	 ﾠ2.	 ﾠUntreated	 ﾠand	 ﾠpretreated	 ﾠ(20	 ﾠg	 ﾠNaOH	 ﾠper	 ﾠ100	 ﾠg	 ﾠTS)	 ﾠswitchgrass	 ﾠ
composition,	 ﾠ%	 ﾠof	 ﾠinitial	 ﾠdry	 ﾠmatter	 ﾠ(TS)	 ﾠin	 ﾠraw	 ﾠbiomass	 ﾠ[33].	 ﾠ
Spezyme	 ﾠCP	 ﾠcellulase	 ﾠ Lot	 ﾠ4900857805	 ﾠ 59	 ﾠFPU/mL	 ﾠ 123	 ﾠmg	 ﾠ
protein/mL	 ﾠ
β-ﾭ‐glucosidase	 ﾠ Lot	 ﾠ01K0735	 ﾠ 280	 ﾠCBU/mL	 ﾠ 140	 ﾠmg	 ﾠ
protein/mL	 ﾠ




In	 ﾠuse,	 ﾠcellulase	 ﾠand	 ﾠβ-ﾭ‐glucosidase	 ﾠare	 ﾠcombined	 ﾠ(at	 ﾠa	 ﾠprotein	 ﾠratio	 ﾠof	 ﾠ1:0.4,	 ﾠ
or	 ﾠ1FPU:1.75	 ﾠCBU)	 ﾠinto	 ﾠa	 ﾠsingle	 ﾠstock	 ﾠreferred	 ﾠto	 ﾠas	 ﾠ“CB”	 ﾠ(127.85	 ﾠmg	 ﾠprotein/mL).	 ﾠ
The	 ﾠxylanase	 ﾠstock	 ﾠis	 ﾠreferred	 ﾠto	 ﾠas	 ﾠ“MX”	 ﾠ(42	 ﾠmg	 ﾠprotein/mL).	 ﾠ
The	 ﾠamount	 ﾠof	 ﾠfresh	 ﾠmakeup	 ﾠwater	 ﾠrequired	 ﾠfor	 ﾠthe	 ﾠhydrolysis	 ﾠprocess	 ﾠ
depends	 ﾠon	 ﾠthe	 ﾠwater	 ﾠfrom	 ﾠincoming	 ﾠpressed	 ﾠcake,	 ﾠrequired	 ﾠHCl,	 ﾠrequired	 ﾠcitrate	 ﾠ
buffer,	 ﾠand	 ﾠrequired	 ﾠenzyme	 ﾠstocks	 ﾠ–	 ﾠall	 ﾠof	 ﾠwhich	 ﾠcontribute	 ﾠwater	 ﾠto	 ﾠthe	 ﾠprocess.	 ﾠ
The	 ﾠobjective	 ﾠis	 ﾠto	 ﾠachieve	 ﾠa	 ﾠtotal,	 ﾠdesired	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠhydrolysis	 ﾠ
process.	 ﾠNote	 ﾠthat	 ﾠfor	 ﾠpurposes	 ﾠof	 ﾠtracking	 ﾠwater	 ﾠbalance,	 ﾠthe	 ﾠstocks	 ﾠof	 ﾠHCl,	 ﾠcitrate	 ﾠ
buffer,	 ﾠCB	 ﾠand	 ﾠMX	 ﾠare	 ﾠconsidered	 ﾠto	 ﾠcontribute	 ﾠ1	 ﾠkg	 ﾠwater	 ﾠper	 ﾠliter.	 ﾠ
During	 ﾠthe	 ﾠhydrolysis	 ﾠprocess,	 ﾠonly	 ﾠparticulate	 ﾠglucan	 ﾠand	 ﾠparticulate	 ﾠxylan	 ﾠ
are	 ﾠconsidered	 ﾠto	 ﾠbe	 ﾠadditionally	 ﾠsolubilized	 ﾠ–	 ﾠhydrolyzed	 ﾠinto	 ﾠglucose	 ﾠand	 ﾠxylose.	 ﾠ
All	 ﾠother	 ﾠsoluble	 ﾠand	 ﾠsolid	 ﾠcomponents	 ﾠincoming	 ﾠwith	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠare	 ﾠ
considered	 ﾠunchanged.	 ﾠWater	 ﾠis	 ﾠconsumed	 ﾠdue	 ﾠto	 ﾠthe	 ﾠglucan	 ﾠand	 ﾠxylan	 ﾠhydrolyses,	 ﾠ
and	 ﾠthis	 ﾠis	 ﾠsubtracted	 ﾠin	 ﾠcalculating	 ﾠremaining	 ﾠwater	 ﾠafter	 ﾠenzymatic	 ﾠhydrolysis,	 ﾠas	 ﾠ
described	 ﾠearlier	 ﾠfor	 ﾠcomputing	 ﾠpretreatment	 ﾠwater	 ﾠconsumption	 ﾠfrom	 ﾠhydrolysis.	 ﾠ	 ﾠ
	 ﾠ
3.3.  Pretreatment	 ﾠCurve-ﾭ‐Fitting	 ﾠ
To	 ﾠgenerate	 ﾠcontinuous	 ﾠfunctions	 ﾠfor	 ﾠmodeling	 ﾠpretreatment,	 ﾠcurves	 ﾠwere	 ﾠfit	 ﾠ
to	 ﾠexperimental	 ﾠdata	 ﾠfrom	 ﾠSills	 ﾠ[33].	 ﾠTo	 ﾠmake	 ﾠthem	 ﾠcloser	 ﾠto	 ﾠreality,	 ﾠthe	 ﾠcurve-ﾭ‐fitting	 ﾠ
equations	 ﾠwere	 ﾠadjusted	 ﾠto	 ﾠbe	 ﾠmonotonic	 ﾠfunctions	 ﾠwithin	 ﾠthe	 ﾠranges	 ﾠof	 ﾠinterest.	 ﾠ
From	 ﾠSills’	 ﾠexperiments,	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠthe	 ﾠNaOH	 ﾠconsumption	 ﾠand	 ﾠNaOH	 ﾠ
loading	 ﾠis	 ﾠshown	 ﾠin	 ﾠTable	 ﾠ3.3:	 ﾠ29	 ﾠ
	 ﾠ
	 ﾠ
Table	 ﾠ3.	 ﾠ3.	 ﾠRelationship	 ﾠbetween	 ﾠNaOH	 ﾠconsumption	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
NaOH	 ﾠloading	 ﾠ(g	 ﾠNaOH/g	 ﾠraw	 ﾠTS)	 ﾠ NaOH	 ﾠconsumption	 ﾠ(g/g	 ﾠraw	 ﾠTS)	 ﾠ
0.05	 ﾠ 0.03532	 ﾠ
0.10	 ﾠ 0.04776	 ﾠ





Figure	 ﾠ3.	 ﾠ2.	 ﾠRelationship	 ﾠbetween	 ﾠNaOH	 ﾠconsumption	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
	 ﾠ
From	 ﾠ this	 ﾠ Figure,	 ﾠ we	 ﾠ can	 ﾠ describe	 ﾠ the	 ﾠ relationship	 ﾠ between	 ﾠ NaOH	 ﾠ
consumption	 ﾠand	 ﾠNaOH	 ﾠloading	 ﾠas	 ﾠ	 ﾠ
  = 0.0145×ln   + 0.0794	 ﾠ
x	 ﾠ–	 ﾠNaOH	 ﾠloading,	 ﾠunit:	 ﾠg	 ﾠNaOH/g	 ﾠraw	 ﾠTS;	 ﾠ
y	 ﾠ–	 ﾠNaOH	 ﾠchemical	 ﾠconsumption,	 ﾠunit:	 ﾠg	 ﾠNaOH	 ﾠconsumption/g	 ﾠraw	 ﾠTS.	 ﾠ
y	 ﾠ=	 ﾠ0.0145ln(x)	 ﾠ+	 ﾠ0.0794	 ﾠ





































g	 ﾠNaOH/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠNaOH	 ﾠconsumption/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠNaOH	 ﾠconsumption/g	 ﾠ
raw	 ﾠTS	 ﾠ
Log.	 ﾠ(g	 ﾠNaOH	 ﾠ
consumption/g	 ﾠraw	 ﾠTS)	 ﾠ30	 ﾠ
	 ﾠ
	 ﾠ
From	 ﾠSills’	 ﾠexperiments,	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠweight	 ﾠof	 ﾠsoluble	 ﾠglucan	 ﾠ
and	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠshown	 ﾠin	 ﾠTable	 ﾠ3.4.	 ﾠ
	 ﾠ
Table	 ﾠ3.	 ﾠ4.	 ﾠRelationship	 ﾠbetween	 ﾠsoluble	 ﾠglucan	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
NaOH	 ﾠloading	 ﾠ(g	 ﾠNaOH/g	 ﾠraw	 ﾠTS)	 ﾠ Soluble	 ﾠglucan	 ﾠ(g/g	 ﾠraw	 ﾠTS)	 ﾠ
0.05	 ﾠ 0.0286	 ﾠ
0.10	 ﾠ 0.0234	 ﾠ





Figure	 ﾠ3.	 ﾠ3.	 ﾠRelationship	 ﾠbetween	 ﾠsoluble	 ﾠglucan	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
	 ﾠ
From	 ﾠ the	 ﾠ Figure,	 ﾠ we	 ﾠ obtain	 ﾠ the	 ﾠ relationship	 ﾠ between	 ﾠ soluble	 ﾠ glucan	 ﾠ and	 ﾠ
NaOH	 ﾠloading	 ﾠas	 ﾠ	 ﾠ
y	 ﾠ=	 ﾠ0.0167x-ﾭ‐0.172	 ﾠ




































g	 ﾠNaOH/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠsoluble	 ﾠglucan/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠsoluble	 ﾠglucan/g	 ﾠraw	 ﾠTS	 ﾠ
Power	 ﾠ(g	 ﾠsoluble	 ﾠglucan/g	 ﾠ
raw	 ﾠTS)	 ﾠ31	 ﾠ
	 ﾠ
  = 0.0167 ∙    .   	 ﾠ
x	 ﾠ–NaOH	 ﾠloading,	 ﾠunit:	 ﾠg	 ﾠNaOH/g	 ﾠraw	 ﾠTS;	 ﾠ
y	 ﾠ–	 ﾠsoluble	 ﾠglucan,	 ﾠunit:	 ﾠg	 ﾠsoluble	 ﾠglucan/g	 ﾠraw	 ﾠTS	 ﾠ
	 ﾠ
From	 ﾠSills’	 ﾠexperiments,	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠweight	 ﾠof	 ﾠsoluble	 ﾠxylan	 ﾠ
and	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠshown	 ﾠin	 ﾠTable	 ﾠ3.5.	 ﾠ
	 ﾠ
Table	 ﾠ3.	 ﾠ5.	 ﾠRelationship	 ﾠbetween	 ﾠsoluble	 ﾠxylan	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
NaOH	 ﾠloading	 ﾠ(g	 ﾠNaOH/g	 ﾠraw	 ﾠTS)	 ﾠ Soluble	 ﾠxylan	 ﾠ(g/g	 ﾠraw	 ﾠTS)	 ﾠ
0.05	 ﾠ 0.0069	 ﾠ
0.10	 ﾠ 0.0204	 ﾠ






Figure	 ﾠ3.	 ﾠ4.	 ﾠRelationship	 ﾠbetween	 ﾠsoluble	 ﾠxylan	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
	 ﾠ
From	 ﾠ this	 ﾠ Figure,	 ﾠ we	 ﾠ obtain	 ﾠ the	 ﾠ relationship	 ﾠ between	 ﾠ soluble	 ﾠ xylan	 ﾠ and	 ﾠ
NaOH	 ﾠloading	 ﾠas	 ﾠ	 ﾠ
  = −0.6739 ∙    + 0.3707 ∙   − 0.01	 ﾠ
x	 ﾠ–	 ﾠNaOH	 ﾠloading,	 ﾠunit:	 ﾠg	 ﾠNaOH/g	 ﾠraw	 ﾠTS;	 ﾠ
y	 ﾠ–	 ﾠsoluble	 ﾠxylan,	 ﾠunit:	 ﾠg	 ﾠsoluble	 ﾠxylan/g	 ﾠraw	 ﾠTS.	 ﾠ
	 ﾠ
From	 ﾠSills’	 ﾠexperiments,	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠweight	 ﾠof	 ﾠsoluble	 ﾠlignin	 ﾠ
and	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠshown	 ﾠin	 ﾠTable	 ﾠ3.6.	 ﾠ
	 ﾠ 	 ﾠ
y	 ﾠ=	 ﾠ-ﾭ‐0.6739x2	 ﾠ+	 ﾠ0.3707x	 ﾠ-ﾭ‐	 ﾠ0.01	 ﾠ




































g	 ﾠNaOH/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠsoluble	 ﾠxylan/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠsoluble	 ﾠxylan/g	 ﾠraw	 ﾠTS	 ﾠ
Poly.	 ﾠ(g	 ﾠsoluble	 ﾠxylan/g	 ﾠ
raw	 ﾠTS)	 ﾠ33	 ﾠ
	 ﾠ
Table	 ﾠ3.	 ﾠ6.	 ﾠRelationship	 ﾠbetween	 ﾠsoluble	 ﾠlignin	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
NaOH	 ﾠloading	 ﾠ(g	 ﾠNaOH/g	 ﾠraw	 ﾠTS)	 ﾠ Soluble	 ﾠlignin	 ﾠ(g/g	 ﾠraw	 ﾠTS)	 ﾠ
0.05	 ﾠ 0.0303	 ﾠ
0.10	 ﾠ 0.0592	 ﾠ





Figure	 ﾠ3.	 ﾠ5.	 ﾠRelationship	 ﾠbetween	 ﾠsoluble	 ﾠlignin	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
	 ﾠ
	 ﾠ
From	 ﾠ this	 ﾠ Figure,	 ﾠ we	 ﾠ obtain	 ﾠ the	 ﾠ relationship	 ﾠ between	 ﾠ soluble	 ﾠ lignin	 ﾠ and	 ﾠ
NaOH	 ﾠloading	 ﾠas	 ﾠ
  = −1.7457 ∙    + 0.8391 ∙   − 0.0073	 ﾠ
x	 ﾠ–	 ﾠNaOH	 ﾠloading,	 ﾠunit:	 ﾠg	 ﾠNaOH/g	 ﾠraw	 ﾠTS;	 ﾠ
y	 ﾠ–	 ﾠsoluble	 ﾠlignin,	 ﾠunit:	 ﾠg	 ﾠsoluble	 ﾠlignin/g	 ﾠraw	 ﾠTS.	 ﾠ
y	 ﾠ=	 ﾠ-ﾭ‐1.7457x2	 ﾠ+	 ﾠ0.8391x	 ﾠ-ﾭ‐	 ﾠ0.0073	 ﾠ


































g	 ﾠNaOH/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠsoluble	 ﾠlignin/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠsoluble	 ﾠlignin/g	 ﾠraw	 ﾠTS	 ﾠ
Poly.	 ﾠ(g	 ﾠsoluble	 ﾠlignin/g	 ﾠ
raw	 ﾠTS)	 ﾠ34	 ﾠ
	 ﾠ
	 ﾠ
From	 ﾠSills’	 ﾠexperiments,	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠweight	 ﾠof	 ﾠsoluble	 ﾠother	 ﾠ
and	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠshown	 ﾠin	 ﾠTable	 ﾠ3.7.	 ﾠ[Note:	 ﾠall	 ﾠother	 ﾠconstituents,	 ﾠexcept	 ﾠfor	 ﾠ
glucan,	 ﾠxylan,	 ﾠand	 ﾠlignin,	 ﾠof	 ﾠthe	 ﾠswitchgrass	 ﾠare	 ﾠreferred	 ﾠas	 ﾠ“other”.]	 ﾠ
	 ﾠ
	 ﾠ
Table	 ﾠ3.	 ﾠ7.	 ﾠRelationship	 ﾠbetween	 ﾠsoluble	 ﾠother	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
NaOH	 ﾠloading	 ﾠ(g	 ﾠNaOH/g	 ﾠraw	 ﾠTS)	 ﾠ Soluble	 ﾠother	 ﾠ(g/g	 ﾠraw	 ﾠTS)	 ﾠ
0.05	 ﾠ 0.0902	 ﾠ
0.10	 ﾠ 0.1151	 ﾠ





Figure	 ﾠ3.	 ﾠ6.	 ﾠRelationship	 ﾠbetween	 ﾠsoluble	 ﾠother	 ﾠand	 ﾠNaOH	 ﾠloading.	 ﾠ
	 ﾠ
y	 ﾠ=	 ﾠ-ﾭ‐0.8217x2	 ﾠ+	 ﾠ0.621x	 ﾠ+	 ﾠ0.0612	 ﾠ






































g	 ﾠNaOH/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠsoluble	 ﾠother/g	 ﾠraw	 ﾠTS	 ﾠ
g	 ﾠsoluble	 ﾠother/g	 ﾠraw	 ﾠTS	 ﾠ
Poly.	 ﾠ(g	 ﾠsoluble	 ﾠother/g	 ﾠ
raw	 ﾠTS)	 ﾠ35	 ﾠ
	 ﾠ
	 ﾠ 	 ﾠ
From	 ﾠ this	 ﾠ Figure,	 ﾠ we	 ﾠ obtain	 ﾠ the	 ﾠ relationship	 ﾠ between	 ﾠ soluble	 ﾠ other	 ﾠ and	 ﾠ
NaOH	 ﾠloading	 ﾠas	 ﾠ	 ﾠ
  = −0.8217 ∙    + 0.621 ∙   + 0.0612	 ﾠ
x	 ﾠ–	 ﾠNaOH	 ﾠloading,	 ﾠunit:	 ﾠg	 ﾠNaOH/g	 ﾠraw	 ﾠTS;	 ﾠ
y	 ﾠ–	 ﾠsoluble	 ﾠother,	 ﾠunit:	 ﾠg	 ﾠsoluble	 ﾠother/g	 ﾠraw	 ﾠTS.	 ﾠ
	 ﾠ
3.4.  Example	 ﾠCalculations	 ﾠ
In	 ﾠthis	 ﾠsection,	 ﾠsample	 ﾠcalculations	 ﾠare	 ﾠshown	 ﾠfor	 ﾠone	 ﾠscenario,	 ﾠas	 ﾠan	 ﾠ
illustration	 ﾠof	 ﾠthe	 ﾠmethod	 ﾠemployed	 ﾠin	 ﾠthe	 ﾠExcel-ﾭ‐based	 ﾠmodel.	 ﾠ
	 ﾠ
Feedstock	 ﾠ
Switchgrass,	 ﾠ1000	 ﾠkg	 ﾠdry	 ﾠsolids	 ﾠwith	 ﾠ5%(w/w)	 ﾠmoisture	 ﾠcontent.	 ﾠ
Pretreatment	 ﾠConditions	 ﾠ
5%	 ﾠTS	 ﾠconcentration	 ﾠ
20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠTS	 ﾠ
24	 ﾠh,	 ﾠambient	 ﾠtemperature	 ﾠ25°C	 ﾠ
Solids	 ﾠSeparation	 ﾠ
Filter	 ﾠpress	 ﾠto	 ﾠ20%	 ﾠsolids	 ﾠ
50%	 ﾠideal	 ﾠexchange	 ﾠwith	 ﾠrinse/makeup	 ﾠwater	 ﾠ
Enzymatic	 ﾠHydrolysis	 ﾠ
5%	 ﾠTS	 ﾠconcentration	 ﾠ36	 ﾠ
	 ﾠ
CB	 ﾠ=	 ﾠ25	 ﾠg	 ﾠprotein/kg	 ﾠTS	 ﾠ
MX	 ﾠ=	 ﾠ12.5	 ﾠg	 ﾠprotein/kg	 ﾠTS	 ﾠ
72	 ﾠh,	 ﾠ50˚C	 ﾠ
	 ﾠ
3.4.1.  Particulate	 ﾠGlucan	 ﾠ
According	 ﾠto	 ﾠthe	 ﾠchemical	 ﾠcomposition	 ﾠof	 ﾠswitchgrass	 ﾠ(Table	 ﾠ3.1),	 ﾠparticulate	 ﾠ
glucan	 ﾠbefore	 ﾠpretreatment	 ﾠ=	 ﾠ36.2%	 ﾠ×	 ﾠ1000	 ﾠkg	 ﾠ=	 ﾠ362	 ﾠkg	 ﾠ
According	 ﾠto	 ﾠthe	 ﾠcurve-ﾭ‐fit	 ﾠequation,	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠglucan	 ﾠ
solubilized	 ﾠin	 ﾠpretreatment	 ﾠand	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠ	 ﾠ
y = 0.0167 ∙ x  .   	 ﾠ
x	 ﾠ–NaOH	 ﾠloading,	 ﾠunit:	 ﾠg	 ﾠNaOH/g	 ﾠraw	 ﾠTS;	 ﾠ
y	 ﾠ–	 ﾠsoluble	 ﾠglucan,	 ﾠunit:	 ﾠg	 ﾠsoluble	 ﾠglucan/g	 ﾠraw	 ﾠTS	 ﾠ
Thus,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠsolubilized	 ﾠglucan	 ﾠ=	 ﾠ1000 ﾠkg ﾠ× ﾠ0.0167×0.2  .    =
22.03 ﾠkg.	 ﾠ
Particulate	 ﾠglucan	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠparticulate	 ﾠglucan	 ﾠbefore	 ﾠ
pretreatment	 ﾠ–	 ﾠsolubilized	 ﾠglucan	 ﾠ=	 ﾠ362	 ﾠkg	 ﾠ–	 ﾠ22.03	 ﾠkg	 ﾠ=	 ﾠ339.97	 ﾠkg	 ﾠ
During	 ﾠenzymatic	 ﾠhydrolysis,	 ﾠthe	 ﾠpercentage	 ﾠof	 ﾠglucose	 ﾠyield	 ﾠis	 ﾠmodeled	 ﾠas	 ﾠa	 ﾠ
function	 ﾠof	 ﾠCB	 ﾠand/or	 ﾠMX	 ﾠloadings	 ﾠaccording	 ﾠto	 ﾠthe	 ﾠfollowing	 ﾠequation	 ﾠfrom	 ﾠSills	 ﾠ
[33]:	 ﾠ
Glucose	 ﾠYield	 ﾠ(%	 ﾠof	 ﾠpotential)	 ﾠ=	 ﾠ
  . ×  
 .      +
  . ×  
 .      =
  . ×  
 .      +
  . ×  . 
 .     .  = 67.91	 ﾠ
Potential	 ﾠglucose	 ﾠ=	 ﾠParticulate	 ﾠglucan	 ﾠbefore	 ﾠpretreatment	 ﾠ×	 ﾠ1.1111	 ﾠ=	 ﾠ362	 ﾠkg	 ﾠ
×	 ﾠ1.1111	 ﾠ=	 ﾠ402.22	 ﾠkg	 ﾠ37	 ﾠ
	 ﾠ
Mass	 ﾠof	 ﾠglucose	 ﾠproduced	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠ
  .  
    ×402.22 ﾠkg = 273.14 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠglucan	 ﾠsolubilized	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠmass	 ﾠof	 ﾠglucose	 ﾠyield	 ﾠduring	 ﾠ
hydrolysis	 ﾠ÷	 ﾠ1.1111	 ﾠ=	 ﾠ273.14	 ﾠkg	 ﾠ÷	 ﾠ1.1111	 ﾠ=	 ﾠ245.83	 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠparticulate	 ﾠglucan	 ﾠremaining	 ﾠafter	 ﾠhydrolysis	 ﾠ=	 ﾠparticulate	 ﾠglucan	 ﾠ
after	 ﾠalkaline	 ﾠpretreatment	 ﾠ–	 ﾠmass	 ﾠof	 ﾠsolubilized	 ﾠglucan	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠ339.97	 ﾠ
kg	 ﾠ–	 ﾠ245.83	 ﾠkg	 ﾠ=	 ﾠ94.	 ﾠ14	 ﾠkg	 ﾠ	 ﾠ
	 ﾠ
3.4.2.  Particulate	 ﾠXylan	 ﾠ
According	 ﾠto	 ﾠthe	 ﾠchemical	 ﾠcomposition	 ﾠof	 ﾠswitchgrass	 ﾠ(Table	 ﾠ3.1),	 ﾠparticulate	 ﾠ
xylan	 ﾠ=	 ﾠ20.1%	 ﾠ×	 ﾠ1000	 ﾠkg	 ﾠ=	 ﾠ201	 ﾠkg	 ﾠ
According	 ﾠto	 ﾠthe	 ﾠcurve-ﾭ‐fit	 ﾠequation,	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠxylan	 ﾠ
solubilized	 ﾠin	 ﾠpretreatment	 ﾠand	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠ	 ﾠ
  = −0.6739 ∙    + 0.3707 ∙   − 0.01	 ﾠ
x	 ﾠ–	 ﾠNaOH	 ﾠloading,	 ﾠunit:	 ﾠg	 ﾠNaOH/g	 ﾠraw	 ﾠTS;	 ﾠ
y	 ﾠ–	 ﾠsoluble	 ﾠxylan,	 ﾠunit:	 ﾠg	 ﾠsoluble	 ﾠxylan/g	 ﾠraw	 ﾠTS.	 ﾠ
Thus,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠsolubilized	 ﾠxylan	 ﾠ=	 ﾠ1000 ﾠkg ﾠ× ﾠ(−0.6739×0.2  + 0.3707×
0.2 − 0.01) = 37.18 ﾠkg	 ﾠ
Particulate	 ﾠxylan	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠparticulate	 ﾠxylan	 ﾠbefore	 ﾠpretreatment	 ﾠ
–	 ﾠsolubilized	 ﾠxylan	 ﾠ=	 ﾠ201	 ﾠkg	 ﾠ–	 ﾠ37.18	 ﾠkg	 ﾠ=	 ﾠ163.82	 ﾠkg	 ﾠ
During	 ﾠthe	 ﾠenzymatic	 ﾠhydrolysis,	 ﾠthe	 ﾠpercentage	 ﾠof	 ﾠxylose	 ﾠyield	 ﾠis	 ﾠmodeled	 ﾠas	 ﾠ
a	 ﾠfunction	 ﾠof	 ﾠCB	 ﾠand/or	 ﾠMX	 ﾠloadings	 ﾠaccording	 ﾠto	 ﾠthe	 ﾠfollowing	 ﾠequation	 ﾠfrom	 ﾠSills	 ﾠ
[33].	 ﾠ38	 ﾠ
	 ﾠ
Xylose	 ﾠYield	 ﾠ(%	 ﾠof	 ﾠpotential)	 ﾠ=	 ﾠ
  . ×  
 .      +
  . ×  
 .      =
  . ×  
 .      +
  . ×  . 
 .     .  = 60.33	 ﾠ
Potential	 ﾠxylose	 ﾠ=	 ﾠParticulate	 ﾠxylan	 ﾠbefore	 ﾠpretreatment	 ﾠ×	 ﾠ1.1364	 ﾠ=	 ﾠ201	 ﾠkg	 ﾠ×	 ﾠ
1.1364	 ﾠ=	 ﾠ228.42	 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠxylose	 ﾠproduced	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠ
  .  
    ×228.42 ﾠkg = 137.80 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠxylan	 ﾠsolubilized	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠmass	 ﾠof	 ﾠxylose	 ﾠyield	 ﾠduring	 ﾠ
hydrolysis	 ﾠ÷	 ﾠ1.1111	 ﾠ=	 ﾠ137.80	 ﾠkg	 ﾠ÷	 ﾠ1.1364	 ﾠ=	 ﾠ121.26	 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠparticulate	 ﾠxylan	 ﾠremaining	 ﾠafter	 ﾠhydrolysis	 ﾠ=	 ﾠparticulate	 ﾠxylan	 ﾠafter	 ﾠ
alkaline	 ﾠpretreatment	 ﾠ–	 ﾠmass	 ﾠof	 ﾠsolubilized	 ﾠxylan	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠ163.82	 ﾠkg	 ﾠ–	 ﾠ
121.26	 ﾠkg	 ﾠ=	 ﾠ42.56	 ﾠkg	 ﾠ	 ﾠ
	 ﾠ
3.4.3.  Particulate	 ﾠLignin	 ﾠ
According	 ﾠto	 ﾠthe	 ﾠchemical	 ﾠcomposition	 ﾠof	 ﾠswitchgrass	 ﾠ(Table	 ﾠ3.1),	 ﾠparticulate	 ﾠ
lignin	 ﾠ=	 ﾠ18.9%	 ﾠ×	 ﾠ1000	 ﾠkg	 ﾠ=	 ﾠ189	 ﾠkg	 ﾠ
	 ﾠ
3.4.4.  Particulate	 ﾠOther	 ﾠ
According	 ﾠto	 ﾠthe	 ﾠchemical	 ﾠcomposition	 ﾠof	 ﾠswitchgrass	 ﾠ(Table	 ﾠ3.1),	 ﾠparticulate	 ﾠ
other	 ﾠ=	 ﾠ24.8%	 ﾠ×	 ﾠ1000	 ﾠkg	 ﾠ=	 ﾠ248	 ﾠkg	 ﾠ
	 ﾠ
3.4.5.  Water	 ﾠ
Though	 ﾠthe	 ﾠincoming	 ﾠswitchgrass	 ﾠis	 ﾠchopped	 ﾠand	 ﾠdried,	 ﾠthere	 ﾠis	 ﾠstill	 ﾠ5%	 ﾠ




total ﾠmass ﾠof ﾠfeedstock
=
water
water + dry ﾠtotal ﾠsolid
	 ﾠ
Water	 ﾠfrom	 ﾠfeedstock	 ﾠ=	 ﾠ
     ﾠ  
   .    ﾠ× ﾠ0.05 = 52.63 ﾠkg	 ﾠ
Total	 ﾠwater	 ﾠin	 ﾠalkali	 ﾠpretreatment	 ﾠreactor	 ﾠ(before	 ﾠpretreatment)	 ﾠ	 ﾠ
=	 ﾠ
     ﾠ   ﾠ      ﾠ      




× 1 − 0.05 = 19000 ﾠkg	 ﾠ
Total	 ﾠwater	 ﾠin	 ﾠalkali	 ﾠpretreatment	 ﾠreactor	 ﾠ(before	 ﾠpretreatment)	 ﾠ=	 ﾠwater	 ﾠ
from	 ﾠfeedstock	 ﾠ+	 ﾠwater	 ﾠfrom	 ﾠrecycle	 ﾠline	 ﾠ(Note:	 ﾠwe	 ﾠassume	 ﾠfresh	 ﾠNaOH	 ﾠis	 ﾠadded	 ﾠin	 ﾠ
solid	 ﾠform)	 ﾠ
Thus,	 ﾠwater	 ﾠfrom	 ﾠrecycle	 ﾠline	 ﾠ=	 ﾠtotal	 ﾠwater	 ﾠ–	 ﾠwater	 ﾠfrom	 ﾠfeedstock	 ﾠ=	 ﾠ19000	 ﾠ
kg	 ﾠ–	 ﾠ52.63	 ﾠkg	 ﾠ=	 ﾠ18947.37	 ﾠkg	 ﾠ
Water	 ﾠconsumption	 ﾠdue	 ﾠto	 ﾠthe	 ﾠglucan	 ﾠhydrolysis	 ﾠduring	 ﾠthe	 ﾠpretreatment	 ﾠ
process	 ﾠ=	 ﾠ0.1111×	 ﾠsolubilized	 ﾠglucan ﾠ= 0.1111×22.03 ﾠkg = 2.45 ﾠkg	 ﾠ
Water	 ﾠconsumption	 ﾠdue	 ﾠto	 ﾠthe	 ﾠxylan	 ﾠhydrolysis	 ﾠduring	 ﾠthe	 ﾠpretreatment	 ﾠ
process	 ﾠ=	 ﾠ0.1364	 ﾠ×	 ﾠsolubilized	 ﾠxylan	 ﾠ=	 ﾠ0.1364	 ﾠ× ﾠ37.18	 ﾠkg	 ﾠ=	 ﾠ5.07	 ﾠkg	 ﾠ
Water	 ﾠconsumption	 ﾠduring	 ﾠthe	 ﾠpretreatment	 ﾠ=	 ﾠwater	 ﾠconsumption	 ﾠdue	 ﾠto	 ﾠthe	 ﾠ
glucan	 ﾠhydrolysis	 ﾠ+	 ﾠwater	 ﾠconsumption	 ﾠdue	 ﾠto	 ﾠthe	 ﾠxylan	 ﾠhydrolysis	 ﾠ=	 ﾠ2.45	 ﾠkg	 ﾠ+	 ﾠ5.07	 ﾠ
kg	 ﾠ=	 ﾠ7.52	 ﾠkg	 ﾠ
Total	 ﾠwater	 ﾠin	 ﾠalkali	 ﾠpretreatment	 ﾠreactor	 ﾠ(after	 ﾠpretreatment)	 ﾠ=	 ﾠtotal	 ﾠwater	 ﾠ
in	 ﾠalkali	 ﾠpretreatment	 ﾠreactor	 ﾠ(before	 ﾠpretreatment)	 ﾠ–	 ﾠwater	 ﾠconsumption	 ﾠduring	 ﾠ
the	 ﾠpretreatment	 ﾠ=	 ﾠ19000	 ﾠkg	 ﾠ–	 ﾠ7.52	 ﾠkg	 ﾠ=	 ﾠ18992.48	 ﾠkg	 ﾠ40	 ﾠ
	 ﾠ
According	 ﾠto	 ﾠTable	 ﾠ3.1,	 ﾠtotal	 ﾠsolids	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ69.7	 ﾠg	 ﾠper	 ﾠ100	 ﾠg	 ﾠraw	 ﾠTS.	 ﾠ
The	 ﾠbaseline	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠis	 ﾠ20%,	 ﾠi.e.	 ﾠ20	 ﾠg	 ﾠsolids	 ﾠper	 ﾠ100g	 ﾠ
total	 ﾠweight	 ﾠof	 ﾠcake.	 ﾠ
Water	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ
      ﾠ       ﾠ   ﾠ        ﾠ    
       ﾠ              ﾠ   ﾠ        ﾠ    ×(1 − solids ﾠconcentration ﾠin ﾠpressed ﾠcake)	 ﾠ=	 ﾠ
     ﾠ   ﾠ× .   
 .   ×(1 − 0.20) = 2788 ﾠkg	 ﾠ
	 ﾠ
From	 ﾠmass	 ﾠbalance	 ﾠaround	 ﾠthe	 ﾠfilter	 ﾠpress,	 ﾠincoming	 ﾠwater	 ﾠ=	 ﾠoutgoing	 ﾠwater.	 ﾠ
For	 ﾠthe	 ﾠfilter	 ﾠpress,	 ﾠincoming	 ﾠwater	 ﾠ=	 ﾠmakeup	 ﾠwater	 ﾠ+	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠ
pretreatment;	 ﾠOutgoing	 ﾠwater	 ﾠ=	 ﾠwater	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ+	 ﾠwater	 ﾠin	 ﾠrecycle	 ﾠline.	 ﾠ
Makeup	 ﾠwater	 ﾠ=	 ﾠwater	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ+	 ﾠwater	 ﾠin	 ﾠrecycle	 ﾠline	 ﾠ–	 ﾠwater	 ﾠin	 ﾠ
alkali	 ﾠreactor	 ﾠ(after	 ﾠpretreatment)	 ﾠ=	 ﾠ2788	 ﾠkg	 ﾠ+	 ﾠ18947.37	 ﾠkg	 ﾠ–	 ﾠ18992.48	 ﾠkg	 ﾠ=	 ﾠ
2742.89	 ﾠkg	 ﾠ
In	 ﾠthe	 ﾠhydrolysis	 ﾠreactor,	 ﾠthe	 ﾠtotal	 ﾠmass	 ﾠof	 ﾠsolids	 ﾠbefore	 ﾠhydrolysis	 ﾠ=	 ﾠtotal	 ﾠ
mass	 ﾠof	 ﾠsolids	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠparticulate	 ﾠglucan	 ﾠ+	 ﾠparticulate	 ﾠxylan	 ﾠ+	 ﾠparticulate	 ﾠ
lignin	 ﾠ+	 ﾠparticulate	 ﾠother	 ﾠ=	 ﾠ339.97	 ﾠkg	 ﾠ+	 ﾠ163.82	 ﾠkg	 ﾠ+	 ﾠ98.31	 ﾠkg	 ﾠ+95.47	 ﾠkg	 ﾠ=	 ﾠ697.57	 ﾠkg	 ﾠ
Total	 ﾠwater	 ﾠbefore	 ﾠhydrolysis	 ﾠ=	 ﾠ
      ﾠ     ﾠ   ﾠ      
          ﾠ   ﾠ      ﾠ      × 1 − fraction ﾠof ﾠtotal ﾠsolids =
   .   ﾠ  
 .   × 1 − 0.05 =
13253.83 ﾠkg	 ﾠ
The	 ﾠtotal	 ﾠwater	 ﾠin	 ﾠthe	 ﾠhydrolysis	 ﾠreactor	 ﾠbefore	 ﾠhydrolysis	 ﾠis	 ﾠfrom	 ﾠpressed	 ﾠ
cake,	 ﾠadded	 ﾠHCl,	 ﾠneutralization	 ﾠreaction,	 ﾠrequired	 ﾠcitrate	 ﾠbuffer,	 ﾠCB	 ﾠloading,	 ﾠMX	 ﾠ
loading	 ﾠand	 ﾠmakeup	 ﾠwater.	 ﾠ	 ﾠ41	 ﾠ
	 ﾠ
For	 ﾠpurposes	 ﾠof	 ﾠtracking	 ﾠwater	 ﾠbalance,	 ﾠthe	 ﾠstocks	 ﾠof	 ﾠHCl,	 ﾠcitrate	 ﾠbuffer,	 ﾠCB	 ﾠ
and	 ﾠMX	 ﾠare	 ﾠconsidered	 ﾠto	 ﾠcontribute	 ﾠ1	 ﾠkg	 ﾠwater	 ﾠper	 ﾠliter.	 ﾠFor	 ﾠmodeling	 ﾠpurpose,	 ﾠwe	 ﾠ
have	 ﾠassumed	 ﾠstock	 ﾠconcentrations	 ﾠof	 ﾠHCl	 ﾠ(12	 ﾠM)	 ﾠand	 ﾠcitrate	 ﾠbuffer	 ﾠ(5	 ﾠM).	 ﾠ
Moles	 ﾠof	 ﾠrequired	 ﾠHCl	 ﾠ=	 ﾠmoles	 ﾠof	 ﾠNaOH	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ
     ﾠ   ﾠ     ﾠ   ﾠ        ﾠ    (      ﾠ   ﾠ        ﾠ . . )
          ﾠ       ﾠ   ﾠ     =
  .   ﾠ  
   ﾠ /     = 264 ﾠmoles	 ﾠ
Volume	 ﾠof	 ﾠrequired	 ﾠHCl	 ﾠ=	 ﾠmoles	 ﾠof	 ﾠrequired	 ﾠHCl/concentration	 ﾠof	 ﾠHCl	 ﾠ=	 ﾠ
    ﾠ     
   ﾠ     /  = 22 ﾠL	 ﾠ
Water	 ﾠfrom	 ﾠHCl	 ﾠ=	 ﾠ1
  
  ×	 ﾠvolume	 ﾠof	 ﾠrequired	 ﾠHCl	 ﾠ=	 ﾠ22	 ﾠkg	 ﾠ
Water	 ﾠfrom	 ﾠneutralization	 ﾠreaction	 ﾠ=	 ﾠ264	 ﾠmole	 ﾠ×	 ﾠ18	 ﾠg/mole	 ﾠ=	 ﾠ4.75	 ﾠkg	 ﾠ
From	 ﾠSills’	 ﾠexperiments,	 ﾠwhen	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠ=	 ﾠ2.5%,	 ﾠthe	 ﾠ
concentration	 ﾠof	 ﾠcitrate	 ﾠbuffer	 ﾠ=	 ﾠ0.05	 ﾠmole/kg	 ﾠwater;	 ﾠwhen	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠ
hydrolysis	 ﾠ=	 ﾠ15%,	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠcitrate	 ﾠbuffer	 ﾠ=	 ﾠ0.1	 ﾠmole/kg	 ﾠwater.	 ﾠThus,	 ﾠ
when	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠ=	 ﾠ5%,	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠcitrate	 ﾠbuffer	 ﾠ=	 ﾠ
 . 
    
   ﾠ       .  
    
   ﾠ     
  %  . % × 5% − 2.5% + 0.05
    
   ﾠ      = 0.06
    
   ﾠ     	 ﾠ	 ﾠ
Moles	 ﾠof	 ﾠrequired	 ﾠcitrate	 ﾠbuffer	 ﾠ=	 ﾠ0.06
    
   ﾠ     ×13253.83 ﾠkg = 795.23 ﾠmoles	 ﾠ
Water	 ﾠfrom	 ﾠrequired	 ﾠcitrate	 ﾠbuffer	 ﾠ=	 ﾠ
      ﾠ   ﾠ         ﾠ        ﾠ      
              ﾠ   ﾠ         ﾠ        ﾠ       =
   .       
  ﾠ     /  × ﾠ1 ﾠkg/L = 159.05 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠCB	 ﾠloading	 ﾠ=	 ﾠconcentration	 ﾠof	 ﾠCB	 ﾠloading	 ﾠ×	 ﾠtotal	 ﾠmass	 ﾠof	 ﾠsolids	 ﾠin	 ﾠ
hydrolysis	 ﾠ=	 ﾠ25	 ﾠg	 ﾠprotein/	 ﾠkg	 ﾠTS	 ﾠ×	 ﾠ697.57	 ﾠkg	 ﾠ=	 ﾠ17429.25	 ﾠg	 ﾠCB	 ﾠprotein	 ﾠ42	 ﾠ
	 ﾠ
Water	 ﾠfrom	 ﾠCB	 ﾠloading	 ﾠ=	 ﾠ
     ﾠ   ﾠ   ﾠ       
   ﾠ              × ﾠ1
  
  =
     .   ﾠ  ﾠ   ﾠ       




Mass	 ﾠof	 ﾠMX	 ﾠloading	 ﾠ=	 ﾠconcentration	 ﾠof	 ﾠMX	 ﾠloading	 ﾠ×	 ﾠtotal	 ﾠmass	 ﾠof	 ﾠsolids	 ﾠin	 ﾠ
hydrolysis	 ﾠ=	 ﾠ12.5	 ﾠg	 ﾠprotein/	 ﾠkg	 ﾠTS	 ﾠ×	 ﾠ697.57	 ﾠkg	 ﾠ=	 ﾠ8719.62	 ﾠg	 ﾠMX	 ﾠprotein	 ﾠ
Water	 ﾠfrom	 ﾠMX	 ﾠloading	 ﾠ=	 ﾠ
     ﾠ   ﾠ   ﾠ       
   ﾠ              × ﾠ1
  
  =
    .   ﾠ  ﾠ   ﾠ       




Makeup	 ﾠwater	 ﾠin	 ﾠhydrolysis	 ﾠ=	 ﾠtotal	 ﾠwater	 ﾠbefore	 ﾠhydrolysis	 ﾠ–	 ﾠwater	 ﾠfrom	 ﾠ
pressed	 ﾠcake	 ﾠ–	 ﾠwater	 ﾠfrom	 ﾠrequired	 ﾠHCl	 ﾠ–	 ﾠwater	 ﾠfrom	 ﾠneutralization	 ﾠ–	 ﾠwater	 ﾠfrom	 ﾠ
required	 ﾠcitrate	 ﾠbuffer	 ﾠ–	 ﾠwater	 ﾠfrom	 ﾠCB	 ﾠloading	 ﾠ–	 ﾠwater	 ﾠfrom	 ﾠMX	 ﾠloading	 ﾠ=	 ﾠ1325.83	 ﾠ
kg	 ﾠ–	 ﾠ2788	 ﾠkg	 ﾠ–	 ﾠ22	 ﾠkg	 ﾠ–	 ﾠ4.75	 ﾠkg	 ﾠ–	 ﾠ159.05	 ﾠkg	 ﾠ–	 ﾠ134.15	 ﾠkg	 ﾠ–	 ﾠ207.61	 ﾠkg	 ﾠ=	 ﾠ9938.27	 ﾠkg	 ﾠ
During	 ﾠthe	 ﾠhydrolysis	 ﾠprocess,	 ﾠwater	 ﾠis	 ﾠconsumed	 ﾠdue	 ﾠto	 ﾠthe	 ﾠglucan	 ﾠand	 ﾠ
xylan	 ﾠhydrolysis.	 ﾠ	 ﾠ
Water	 ﾠconsumption	 ﾠdue	 ﾠto	 ﾠthe	 ﾠglucan	 ﾠhydrolysis	 ﾠduring	 ﾠthe	 ﾠhydrolysis	 ﾠ
process	 ﾠ=	 ﾠglucose	 ﾠproduced	 ﾠin	 ﾠhydrolysis	 ﾠ× ﾠ 1 −
 
 .     = 273.15 ﾠkg ﾠ× 1 −
 
 .     = 27.31 ﾠkg	 ﾠ
Water	 ﾠconsumption	 ﾠdue	 ﾠto	 ﾠthe	 ﾠxylan	 ﾠhydrolysis	 ﾠduring	 ﾠthe	 ﾠhydrolysis	 ﾠ
process	 ﾠ=	 ﾠxylose	 ﾠproduced	 ﾠin	 ﾠhydrolysis	 ﾠ× ﾠ 1 −
 
 .     = 137.79 ﾠkg ﾠ× 1 −
 
 .     =
16.54 ﾠkg	 ﾠ
Total	 ﾠwater	 ﾠafter	 ﾠhydrolysis	 ﾠ=	 ﾠtotal	 ﾠwater	 ﾠbefore	 ﾠhydrolysis	 ﾠ–	 ﾠwater	 ﾠ
consumption	 ﾠdue	 ﾠto	 ﾠthe	 ﾠglucan	 ﾠhydrolysis	 ﾠ–	 ﾠwater	 ﾠconsumption	 ﾠdue	 ﾠto	 ﾠthe	 ﾠxylan	 ﾠ
hydrolysis	 ﾠ=	 ﾠ13253.83	 ﾠkg	 ﾠ–	 ﾠ27.13	 ﾠkg	 ﾠ–	 ﾠ16.54	 ﾠkg	 ﾠ=	 ﾠ13210.16	 ﾠkg	 ﾠ
	 ﾠ43	 ﾠ
	 ﾠ
3.4.6.  NaOH	 ﾠ
Assume	 ﾠthe	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠreturned	 ﾠto	 ﾠits	 ﾠbaseline	 ﾠof	 ﾠ20%	 ﾠ(i.e.	 ﾠ20	 ﾠg	 ﾠ
NaOH/100	 ﾠg	 ﾠTS)	 ﾠat	 ﾠthe	 ﾠbeginning	 ﾠof	 ﾠeach	 ﾠpretreatment	 ﾠcycle.	 ﾠ	 ﾠ
Thus,	 ﾠNaOH	 ﾠloading	 ﾠ=	 ﾠ1000 ﾠkg ﾠ× ﾠ20% = 200 ﾠkg.	 ﾠThis	 ﾠis	 ﾠthe	 ﾠNaOH	 ﾠmass	 ﾠin	 ﾠthe	 ﾠ
pretreatment	 ﾠreactor	 ﾠat	 ﾠthe	 ﾠbeginning	 ﾠof	 ﾠpretreatment.	 ﾠ
According	 ﾠto	 ﾠthe	 ﾠcurve-ﾭ‐fitting	 ﾠequation,	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠNaOH	 ﾠ
consumption	 ﾠand	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠ	 ﾠ
y=0.0145	 ﾠ·	 ﾠln(x)	 ﾠ+	 ﾠ0.0794.	 ﾠ
x	 ﾠ–	 ﾠNaOH	 ﾠloading,	 ﾠunit:	 ﾠg	 ﾠNaOH/g	 ﾠraw	 ﾠTS;	 ﾠ
y	 ﾠ–	 ﾠNaOH	 ﾠchemical	 ﾠconsumption,	 ﾠunit:	 ﾠg	 ﾠNaOH	 ﾠconsumption/g	 ﾠraw	 ﾠTS.	 ﾠ
Thus,	 ﾠfor	 ﾠevery	 ﾠbatch,	 ﾠNaOH	 ﾠconsumption	 ﾠ=	 ﾠ1000 ﾠkg× 0.0145×ln 0.2 +
0.0794 = 56.06 ﾠkg	 ﾠ
Because	 ﾠnothing	 ﾠleaves	 ﾠthe	 ﾠreactor	 ﾠduring	 ﾠpretreatment,	 ﾠthe	 ﾠreduced	 ﾠNaOH	 ﾠ
in	 ﾠthe	 ﾠreactor	 ﾠat	 ﾠend	 ﾠof	 ﾠpretreatment	 ﾠcomes	 ﾠonly	 ﾠfrom	 ﾠchemical	 ﾠconsumption.	 ﾠ
NaOH	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠNaOH	 ﾠbefore	 ﾠpretreatment	 ﾠ–	 ﾠNaOH	 ﾠchemical	 ﾠ	 ﾠ
consumption	 ﾠ=	 ﾠ200	 ﾠkg	 ﾠ–	 ﾠ56.06	 ﾠkg	 ﾠ=	 ﾠ143.94	 ﾠkg.	 ﾠ
NaOH	 ﾠconcentration	 ﾠin	 ﾠalkaline	 ﾠreactor	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠ143.94	 ﾠkg	 ﾠ÷	 ﾠ
18992.48	 ﾠkg	 ﾠwater	 ﾠ=	 ﾠ0.007579	 ﾠkg/kg	 ﾠwater	 ﾠ
NaOH	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠis	 ﾠrelated	 ﾠto	 ﾠthe	 ﾠpercentage	 ﾠof	 ﾠideal	 ﾠexchange.	 ﾠAfter	 ﾠ
twice	 ﾠpressing	 ﾠin	 ﾠthe	 ﾠfilter,	 ﾠthe	 ﾠchemical	 ﾠconcentrations	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠ
as	 ﾠdiluted	 ﾠto	 ﾠ(1-ﾭ‐	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠexchange)	 ﾠtimes	 ﾠoriginal	 ﾠchemical	 ﾠconcentrations	 ﾠ
after	 ﾠpretreatment,	 ﾠNaOH	 ﾠconcentration	 ﾠin	 ﾠcake	 ﾠ=	 ﾠNaOH	 ﾠconcentration	 ﾠin	 ﾠalkaline	 ﾠ44	 ﾠ
	 ﾠ
reactor	 ﾠafter	 ﾠpretreatment	 ﾠ× ﾠ(1 − fraction ﾠideal ﾠexchange)	 ﾠ=	 ﾠ0.007579	 ﾠ× ﾠ 1 −
0.5 = 0.003789	 ﾠkg/kg	 ﾠwater	 ﾠ
NaOH	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠNaOH	 ﾠconcentration	 ﾠ×	 ﾠwater	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ
0.003789	 ﾠkg/kg	 ﾠwater	 ﾠ×	 ﾠ2788	 ﾠkg	 ﾠ=	 ﾠ10.56	 ﾠkg	 ﾠ
Recycled	 ﾠNaOH	 ﾠ=	 ﾠNaOH	 ﾠafter	 ﾠpretreatment	 ﾠ–	 ﾠNaOH	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ143.94	 ﾠ
kg	 ﾠ–	 ﾠ10.56	 ﾠkg	 ﾠ=	 ﾠ133.38	 ﾠkg	 ﾠ
	 ﾠ
Makeup	 ﾠNaOH	 ﾠ=	 ﾠNaOH	 ﾠin	 ﾠalkaline	 ﾠreactor	 ﾠbefore	 ﾠpretreatment	 ﾠ–	 ﾠNaOH	 ﾠfrom	 ﾠ
recycle	 ﾠline	 ﾠ=	 ﾠNaOH	 ﾠchemical	 ﾠconsumption	 ﾠ+	 ﾠNaOH	 ﾠloss	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠpre	 ﾠbatch	 ﾠ=	 ﾠ
200	 ﾠkg	 ﾠ–	 ﾠ133.38	 ﾠkg	 ﾠ=	 ﾠ56.06	 ﾠkg	 ﾠ+	 ﾠ10.56	 ﾠkg	 ﾠ=	 ﾠ66.62	 ﾠkg	 ﾠ
	 ﾠ
3.4.7.  Total	 ﾠSodium	 ﾠ
In	 ﾠthe	 ﾠmodel,	 ﾠtotal	 ﾠsodium	 ﾠis	 ﾠconsidered	 ﾠto	 ﾠbe	 ﾠthat	 ﾠwhich	 ﾠis	 ﾠpart	 ﾠof	 ﾠNaOH,	 ﾠ
plus	 ﾠthat	 ﾠwhich	 ﾠremains	 ﾠafter	 ﾠNaOH	 ﾠhas	 ﾠbeen	 ﾠconsumed	 ﾠin	 ﾠreactions	 ﾠ(since	 ﾠit’s	 ﾠ
really	 ﾠthe	 ﾠOH-ﾭ‐	 ﾠthat	 ﾠis	 ﾠconsumed,	 ﾠwhereas	 ﾠNa	 ﾠis	 ﾠconserved).	 ﾠAt	 ﾠsteady	 ﾠstate,	 ﾠthe	 ﾠmass	 ﾠ
of	 ﾠsodium	 ﾠthat	 ﾠdeparts	 ﾠwith	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠfrom	 ﾠa	 ﾠgiven	 ﾠbatch	 ﾠmust	 ﾠequal	 ﾠthe	 ﾠ
sodium	 ﾠcontributed	 ﾠfrom	 ﾠmakeup	 ﾠNaOH	 ﾠadded	 ﾠwith	 ﾠevery	 ﾠbatch.	 ﾠ
Sodium	 ﾠfrom	 ﾠmakeup	 ﾠNaOH	 ﾠevery	 ﾠbatch	 ﾠ=	 ﾠmass	 ﾠof	 ﾠmakeup	 ﾠNaOH	 ﾠ×	 fraction	 ﾠ
of	 ﾠsodium	 ﾠin	 ﾠNaOH	 ﾠ=	 ﾠ66.62	 ﾠkg	 ﾠ×	 0.575	 ﾠ=	 ﾠ38.31	 ﾠkg	 ﾠ
Total	 ﾠsodium	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠsodium	 ﾠfrom	 ﾠmakeup	 ﾠNaOH	 ﾠevery	 ﾠbatch	 ﾠ=	 ﾠ
38.31	 ﾠkg	 ﾠ	 ﾠ45	 ﾠ
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Concentration	 ﾠof	 ﾠtotal	 ﾠsodium	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠmass	 ﾠof	 ﾠsodium	 ﾠin	 ﾠpressed	 ﾠ
cake	 ﾠ÷	 ﾠmass	 ﾠof	 ﾠwater	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ38.31	 ﾠkg	 ﾠ÷	 ﾠ2788	 ﾠkg	 ﾠwater	 ﾠ=0.01374	 ﾠkg/	 ﾠkg	 ﾠ
water	 ﾠ
Concentration	 ﾠof	 ﾠtotal	 ﾠsodium	 ﾠin	 ﾠalkaline	 ﾠreactor	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠ
              ﾠ   ﾠ      ﾠ       ﾠ   ﾠ        ﾠ    
  ﾠ– ﾠ         ﾠ   ﾠ      ﾠ         =
 .     
  
   ﾠ     
   .  = 0.02748
  
   ﾠ     	 ﾠ
Mass	 ﾠof	 ﾠtotal	 ﾠsodium	 ﾠin	 ﾠthe	 ﾠalkaline	 ﾠreactor	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠ
concentration	 ﾠof	 ﾠtotal	 ﾠsodium	 ﾠin	 ﾠalkaline	 ﾠreactor	 ﾠafter	 ﾠpretreatment	 ﾠ×	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠ
water	 ﾠafter	 ﾠpretreatment	 ﾠin	 ﾠalkaline	 ﾠreactor	 ﾠ=	 ﾠ
0.02748
  
   ﾠ     ×18992.48 ﾠkg ﾠwater = 521.91 ﾠkg	 ﾠ
Because	 ﾠnothing	 ﾠleaves	 ﾠthe	 ﾠreactor	 ﾠduring	 ﾠpretreatment,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠ
sodium	 ﾠbefore	 ﾠalkaline	 ﾠpretreatment	 ﾠ=	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠsodium	 ﾠafter	 ﾠalkaline	 ﾠ
pretreatment	 ﾠ=	 ﾠ521.91	 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠtotal	 ﾠsodium	 ﾠin	 ﾠrecycle	 ﾠline	 ﾠ=	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠsodium	 ﾠin	 ﾠalkaline	 ﾠreactor	 ﾠ
after	 ﾠpretreatment	 ﾠ–	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠsodium	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ521.91	 ﾠkg	 ﾠ–	 ﾠ38.31	 ﾠkg	 ﾠ=	 ﾠ
438.60	 ﾠkg	 ﾠ
	 ﾠ
3.4.8.  Soluble	 ﾠGlucose	 ﾠ
Newly	 ﾠsolubilized	 ﾠglucose	 ﾠ(per	 ﾠbatch)	 ﾠduring	 ﾠpretreatment	 ﾠ=	 ﾠ1.1111	 ﾠ×	 ﾠ
weight	 ﾠof	 ﾠsolubilized	 ﾠglucan	 ﾠ=	 ﾠ1.1111 ﾠ× ﾠ22.03	 ﾠkg	 ﾠ=	 ﾠ24.48	 ﾠkg	 ﾠ
At	 ﾠsteady	 ﾠstate,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠsoluble	 ﾠglucose	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠfrom	 ﾠa	 ﾠbatch	 ﾠ
equals	 ﾠthe	 ﾠnewly	 ﾠsolubilized	 ﾠglucose	 ﾠfrom	 ﾠevery	 ﾠbatch,	 ﾠi.e.,	 ﾠ24.48	 ﾠkg.	 ﾠTherefore,	 ﾠthe	 ﾠ46	 ﾠ
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concentration	 ﾠof	 ﾠsoluble	 ﾠglucose	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ24.48	 ﾠkg/2788	 ﾠkg	 ﾠwater	 ﾠ=	 ﾠ
0.008780	 ﾠkg/kg	 ﾠwater.	 ﾠ
At	 ﾠthe	 ﾠsame	 ﾠtime,	 ﾠthe	 ﾠsoluble	 ﾠglucose	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠis	 ﾠ
related	 ﾠto	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpretreatment	 ﾠeffluent	 ﾠby	 ﾠthe	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠ
exchange.	 ﾠAfter	 ﾠpartial	 ﾠexchange	 ﾠwith	 ﾠmakeup	 ﾠwater,	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠglucose	 ﾠin	 ﾠ
the	 ﾠpressed	 ﾠcake	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠas	 ﾠdiluted	 ﾠto	 ﾠ(1-ﾭ‐	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠexchange)	 ﾠtimes	 ﾠits	 ﾠ
concentration	 ﾠin	 ﾠthe	 ﾠpretreatment	 ﾠeffluent.	 ﾠ
Therefore,	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠsoluble	 ﾠglucose	 ﾠin	 ﾠthe	 ﾠreactor	 ﾠafter	 ﾠ
pretreatment	 ﾠ=	 ﾠ0.00878	 ﾠ÷	 ﾠ(1–0.5)	 ﾠ=	 ﾠ0.01756	 ﾠkg/kg	 ﾠwater.	 ﾠ
Mass	 ﾠof	 ﾠsoluble	 ﾠglucose	 ﾠin	 ﾠthe	 ﾠreactor	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠ0.01756	 ﾠkg/kg	 ﾠ
water	 ﾠ×	 ﾠ18992.48	 ﾠkg	 ﾠwater	 ﾠ=	 ﾠ333.51	 ﾠkg.	 ﾠ
Mass	 ﾠof	 ﾠsoluble	 ﾠglucose	 ﾠin	 ﾠthe	 ﾠrecycle	 ﾠline	 ﾠ=	 ﾠsoluble	 ﾠglucose	 ﾠafter	 ﾠ
pretreatment	 ﾠ–	 ﾠsoluble	 ﾠglucose	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ333.51	 ﾠkg	 ﾠ–	 ﾠ24.48	 ﾠkg	 ﾠ=	 ﾠ309.03	 ﾠkg.	 ﾠ
As	 ﾠcalculated	 ﾠin	 ﾠsection	 ﾠ3.4.1,	 ﾠmass	 ﾠof	 ﾠglucose	 ﾠyield	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠ
273.14 ﾠkg.	 ﾠ
Total	 ﾠmass	 ﾠof	 ﾠglucose	 ﾠafter	 ﾠhydrolysis	 ﾠ=	 ﾠmass	 ﾠof	 ﾠglucose	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ+	 ﾠ
mass	 ﾠof	 ﾠglucose	 ﾠyield	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠ24.48	 ﾠkg	 ﾠ+	 ﾠ273.14	 ﾠkg	 ﾠ=	 ﾠ297.62	 ﾠkg.	 ﾠ
	 ﾠ
3.4.9.  Soluble	 ﾠXylose	 ﾠ
Newly	 ﾠsolubilized	 ﾠxylose	 ﾠ(per	 ﾠbatch)	 ﾠduring	 ﾠpretreatment	 ﾠ=	 ﾠ1.1364	 ﾠ×	 ﾠweight	 ﾠ
of	 ﾠsolubilized	 ﾠxylan	 ﾠ=	 ﾠ1.1364× ﾠ37.18	 ﾠkg	 ﾠ=	 ﾠ42.25	 ﾠkg	 ﾠ
At	 ﾠsteady	 ﾠstate,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠsoluble	 ﾠxylose	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠfrom	 ﾠa	 ﾠbatch	 ﾠ
equals	 ﾠthe	 ﾠnewly	 ﾠsolubilized	 ﾠxylose	 ﾠfrom	 ﾠevery	 ﾠbatch,	 ﾠi.e.,	 ﾠ42.25	 ﾠkg.	 ﾠTherefore,	 ﾠthe	 ﾠ47	 ﾠ
	 ﾠ
concentration	 ﾠof	 ﾠsoluble	 ﾠxylose	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ42.25	 ﾠkg	 ﾠ÷	 ﾠ2788	 ﾠkg	 ﾠwater	 ﾠ=	 ﾠ
0.01515	 ﾠkg/kg	 ﾠwater.	 ﾠ
At	 ﾠthe	 ﾠsame	 ﾠtime,	 ﾠsoluble	 ﾠxylose	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠis	 ﾠrelated	 ﾠ
to	 ﾠthe	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpretreatment	 ﾠeffluent	 ﾠby	 ﾠthe	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠexchange.	 ﾠ
After	 ﾠpartial	 ﾠexchange	 ﾠwith	 ﾠmakeup	 ﾠwater,	 ﾠthe	 ﾠxylose	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠ
cake	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠas	 ﾠdiluted	 ﾠto	 ﾠ(1–	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠexchange)	 ﾠtimes	 ﾠits	 ﾠconcentration	 ﾠ
in	 ﾠthe	 ﾠpretreatment	 ﾠeffluent.	 ﾠ
Therefore,	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠsoluble	 ﾠxylose	 ﾠin	 ﾠthe	 ﾠreactor	 ﾠafter	 ﾠ
pretreatment	 ﾠ=	 ﾠ0.001515	 ﾠ÷	 ﾠ(1–0.5)	 ﾠ=	 ﾠ0.0303	 ﾠkg/kg	 ﾠwater.	 ﾠ
Mass	 ﾠof	 ﾠsoluble	 ﾠxylose	 ﾠin	 ﾠthe	 ﾠreactor	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠ0.0303	 ﾠkg/kg	 ﾠ
water	 ﾠ×	 ﾠ18992.48	 ﾠkg	 ﾠwater	 ﾠ=	 ﾠ575.47	 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠsoluble	 ﾠxylose	 ﾠin	 ﾠthe	 ﾠrecycle	 ﾠline	 ﾠ=	 ﾠsoluble	 ﾠxylose	 ﾠafter	 ﾠpretreatment	 ﾠ
–	 ﾠsoluble	 ﾠxylose	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ575.47	 ﾠkg	 ﾠ–	 ﾠ42.25	 ﾠkg	 ﾠ=	 ﾠ15.22	 ﾠkg.	 ﾠ
As	 ﾠcalculated	 ﾠin	 ﾠsection	 ﾠ3.4.2,	 ﾠmass	 ﾠof	 ﾠxylose	 ﾠyield	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠ
= 137.80 ﾠkg	 ﾠ
Total	 ﾠmass	 ﾠof	 ﾠxylose	 ﾠafter	 ﾠhydrolysis	 ﾠ=	 ﾠmass	 ﾠof	 ﾠxylose	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ+	 ﾠmass	 ﾠ
of	 ﾠxylose	 ﾠyield	 ﾠduring	 ﾠhydrolysis	 ﾠ=	 ﾠ42.25	 ﾠkg	 ﾠ+	 ﾠ137.80	 ﾠkg	 ﾠ=	 ﾠ180.05	 ﾠkg	 ﾠ
	 ﾠ
3.4.10.  Soluble	 ﾠLignin	 ﾠ
Newly	 ﾠsolubilized	 ﾠlignin	 ﾠ(per	 ﾠbatch)	 ﾠduring	 ﾠpretreatment=	 ﾠ1000	 ﾠkg	 ﾠ
× ﾠ −1.7457×0.2  + 0.8391×0.2 − 0.0073 = 90.69 ﾠkg	 ﾠ
At	 ﾠsteady	 ﾠstate,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠsoluble	 ﾠlignin	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠfrom	 ﾠa	 ﾠbatch	 ﾠ
equals	 ﾠthe	 ﾠnewly	 ﾠsolubilized	 ﾠlignin	 ﾠfrom	 ﾠevery	 ﾠbatch,	 ﾠi.e.,	 ﾠ90.69	 ﾠkg.	 ﾠTherefore,	 ﾠthe	 ﾠ48	 ﾠ
	 ﾠ
concentration	 ﾠof	 ﾠsoluble	 ﾠlignin	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ90.69	 ﾠkg/2788	 ﾠkg	 ﾠwater	 ﾠ=	 ﾠ0.03252	 ﾠ
kg/kg	 ﾠwater.	 ﾠ
At	 ﾠthe	 ﾠsame	 ﾠtime,	 ﾠthe	 ﾠsoluble	 ﾠlignin	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠis	 ﾠ
related	 ﾠto	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpretreatment	 ﾠeffluent	 ﾠby	 ﾠthe	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠ
exchange.	 ﾠAfter	 ﾠpartial	 ﾠexchange	 ﾠwith	 ﾠmakeup	 ﾠwater,	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠsoluble	 ﾠ
lignin	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠas	 ﾠdiluted	 ﾠto	 ﾠ(1-ﾭ‐	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠexchange)	 ﾠ
times	 ﾠits	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpretreatment	 ﾠeffluent.	 ﾠ
	 ﾠTherefore,	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠsoluble	 ﾠlignin	 ﾠin	 ﾠthe	 ﾠreactor	 ﾠafter	 ﾠ
pretreatment	 ﾠ=	 ﾠ0.03252	 ﾠ÷	 ﾠ(1-ﾭ‐0.5)	 ﾠ=	 ﾠ0.06504	 ﾠkg/kg	 ﾠwater.	 ﾠ
Mass	 ﾠof	 ﾠsoluble	 ﾠlignin	 ﾠin	 ﾠthe	 ﾠreactor	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠ0.06504	 ﾠkg/kg	 ﾠ
water	 ﾠ×	 ﾠ18992.48	 ﾠkg	 ﾠwater	 ﾠ=	 ﾠ1235.27	 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠsoluble	 ﾠlignin	 ﾠin	 ﾠthe	 ﾠrecycle	 ﾠline	 ﾠ=	 ﾠsoluble	 ﾠlignin	 ﾠafter	 ﾠpretreatment	 ﾠ–	 ﾠ
soluble	 ﾠlignin	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ1235.27	 ﾠkg	 ﾠ–	 ﾠ90.69	 ﾠkg	 ﾠ=	 ﾠ1144.58	 ﾠkg.	 ﾠ
	 ﾠ
3.4.11.  Soluble	 ﾠOther	 ﾠ
Newly	 ﾠsolubilized	 ﾠother	 ﾠ(per	 ﾠbatch)	 ﾠduring	 ﾠpretreatment	 ﾠ= 1000 ﾠkg ﾠ×
−0.8217×0.2  + 0.621×0.2 + 0.0612 = 152.53 ﾠkg	 ﾠ
At	 ﾠsteady	 ﾠstate,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠsoluble	 ﾠother	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠfrom	 ﾠa	 ﾠbatch	 ﾠ
equals	 ﾠthe	 ﾠnewly	 ﾠsolubilized	 ﾠother	 ﾠfrom	 ﾠevery	 ﾠbatch,	 ﾠi.e.,	 ﾠ152.53	 ﾠkg.	 ﾠTherefore,	 ﾠthe	 ﾠ
concentration	 ﾠof	 ﾠsoluble	 ﾠother	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ152.53	 ﾠkg/2788	 ﾠkg	 ﾠwater	 ﾠ=	 ﾠ
0.05471	 ﾠkg/kg	 ﾠwater.	 ﾠ
At	 ﾠthe	 ﾠsame	 ﾠtime,	 ﾠsoluble	 ﾠother	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠis	 ﾠrelated	 ﾠ
to	 ﾠthe	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpretreatment	 ﾠeffluent	 ﾠby	 ﾠthe	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠexchange.	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After	 ﾠpartial	 ﾠexchange	 ﾠwith	 ﾠmakeup	 ﾠwater,	 ﾠthe	 ﾠother	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠ
cake	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠas	 ﾠdiluted	 ﾠto	 ﾠ(1-ﾭ‐	 ﾠfraction	 ﾠof	 ﾠideal	 ﾠexchange)	 ﾠtimes	 ﾠits	 ﾠconcentration	 ﾠ
in	 ﾠthe	 ﾠpretreatment	 ﾠeffluent.	 ﾠ	 ﾠ
Therefore,	 ﾠthe	 ﾠconcentration	 ﾠof	 ﾠsoluble	 ﾠother	 ﾠin	 ﾠthe	 ﾠreactor	 ﾠafter	 ﾠ
pretreatment	 ﾠ=	 ﾠ0.05471	 ﾠ÷	 ﾠ(1-ﾭ‐0.5)	 ﾠ=	 ﾠ0.1094	 ﾠkg/kg	 ﾠwater.	 ﾠ
	 ﾠ
Mass	 ﾠof	 ﾠsoluble	 ﾠother	 ﾠin	 ﾠreactor	 ﾠafter	 ﾠpretreatment	 ﾠ=	 ﾠ0.1094	 ﾠkg/kg	 ﾠwater	 ﾠ×	 ﾠ
18992.48	 ﾠkg	 ﾠwater	 ﾠ=	 ﾠ2077.78	 ﾠkg	 ﾠ
Mass	 ﾠof	 ﾠsoluble	 ﾠother	 ﾠin	 ﾠthe	 ﾠrecycle	 ﾠline	 ﾠ=	 ﾠsoluble	 ﾠother	 ﾠafter	 ﾠpretreatment	 ﾠ–	 ﾠ
soluble	 ﾠother	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ=	 ﾠ2077.78	 ﾠkg	 ﾠ–	 ﾠ152.53	 ﾠkg	 ﾠ=	 ﾠ1925	 ﾠkg.	 ﾠ
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IV.  Model	 ﾠAnalysis	 ﾠ
	 ﾠ
4.1.  Model	 ﾠAnalysis	 ﾠOverview	 ﾠ
The	 ﾠExcel®-ﾭ‐based	 ﾠmodel	 ﾠfacilitates	 ﾠexploration	 ﾠof	 ﾠthe	 ﾠeffects	 ﾠthat	 ﾠvarious	 ﾠ
input	 ﾠand	 ﾠoperating	 ﾠparameters	 ﾠ(e.g.,	 ﾠbatch	 ﾠsize;	 ﾠextent	 ﾠof	 ﾠdewatering	 ﾠof	 ﾠsolids	 ﾠafter	 ﾠ
pretreatment;	 ﾠenzyme	 ﾠloadings	 ﾠin	 ﾠhydrolysis;	 ﾠetc.)	 ﾠhave	 ﾠon	 ﾠimportant	 ﾠoutput	 ﾠ
parameters	 ﾠ(e.g.,	 ﾠprocess	 ﾠNaOH	 ﾠrequirements	 ﾠand	 ﾠsugar	 ﾠyields).	 ﾠThe	 ﾠmodel	 ﾠallows	 ﾠ
parameter	 ﾠvalues	 ﾠto	 ﾠbe	 ﾠcontinuously	 ﾠvaried	 ﾠover	 ﾠthe	 ﾠapplicable	 ﾠranges	 ﾠfor	 ﾠwhich	 ﾠ
data	 ﾠwere	 ﾠavailable.	 ﾠThe	 ﾠinterrelationships	 ﾠamong	 ﾠvariables	 ﾠare	 ﾠsufficiently	 ﾠcomplex	 ﾠ
that	 ﾠa	 ﾠmodel	 ﾠis	 ﾠuseful	 ﾠto	 ﾠprovide	 ﾠinsights	 ﾠthat	 ﾠmight	 ﾠelude	 ﾠmore	 ﾠintuitive	 ﾠapproaches.	 ﾠ	 ﾠ
The	 ﾠmodel	 ﾠwas	 ﾠemployed	 ﾠin	 ﾠtwo	 ﾠdifferent	 ﾠways.	 ﾠFirst,	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠ
important	 ﾠvariables	 ﾠwere	 ﾠinvestigated,	 ﾠone	 ﾠat	 ﾠa	 ﾠtime,	 ﾠby	 ﾠholding	 ﾠall	 ﾠother	 ﾠ
parameters	 ﾠat	 ﾠ“baseline	 ﾠvalues”	 ﾠwhile	 ﾠvarying	 ﾠthe	 ﾠone	 ﾠtest	 ﾠvariable	 ﾠover	 ﾠwhat	 ﾠwe	 ﾠ
considered	 ﾠto	 ﾠbe	 ﾠits	 ﾠfull	 ﾠrange	 ﾠof	 ﾠpracticality.	 ﾠSecond,	 ﾠwe	 ﾠexplored	 ﾠmodel	 ﾠsensitivity	 ﾠ
to	 ﾠvariables,	 ﾠone	 ﾠat	 ﾠa	 ﾠtime,	 ﾠby	 ﾠquantifying	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠa	 ﾠ10%	 ﾠincrease	 ﾠin	 ﾠa	 ﾠparticular	 ﾠ
variable	 ﾠon	 ﾠmodel-ﾭ‐predicted	 ﾠoutputs,	 ﾠagain	 ﾠwhile	 ﾠholding	 ﾠall	 ﾠother	 ﾠparameters	 ﾠat	 ﾠ
“baseline	 ﾠvalues.”	 ﾠ
	 ﾠ
4.2.  Selection	 ﾠof	 ﾠBaseline	 ﾠValues	 ﾠ
The	 ﾠbaseline	 ﾠvalue	 ﾠof	 ﾠa	 ﾠparameter	 ﾠis	 ﾠnot	 ﾠnecessarily	 ﾠits	 ﾠoptimum	 ﾠvalue	 ﾠfrom	 ﾠ
the	 ﾠstandpoint	 ﾠof	 ﾠeconomics;	 ﾠbut	 ﾠrather	 ﾠit	 ﾠis	 ﾠa	 ﾠreasonable	 ﾠvalue	 ﾠto	 ﾠbe	 ﾠconsidered	 ﾠin	 ﾠ51	 ﾠ
	 ﾠ
applying	 ﾠthis	 ﾠmodel.	 ﾠBaseline	 ﾠvalues	 ﾠare	 ﾠintended	 ﾠto	 ﾠbe	 ﾠrealistic,	 ﾠachievable	 ﾠvalues	 ﾠ
for	 ﾠparameters,	 ﾠbased	 ﾠon	 ﾠour	 ﾠcurrent	 ﾠunderstanding	 ﾠof	 ﾠtechnologies.	 ﾠWhat	 ﾠis	 ﾠ
reasonable	 ﾠand/or	 ﾠpractical	 ﾠmight	 ﾠwell	 ﾠchange	 ﾠwith	 ﾠfurther	 ﾠtechnological	 ﾠ
advancement	 ﾠor	 ﾠwith	 ﾠdevelopment	 ﾠof	 ﾠalternative	 ﾠmarkets	 ﾠfor	 ﾠprocess	 ﾠbyproducts.	 ﾠ
[For	 ﾠexample,	 ﾠif	 ﾠbetter	 ﾠsolids	 ﾠseparation	 ﾠtechnologies	 ﾠare	 ﾠdeveloped	 ﾠfor	 ﾠ
lignocellulosic	 ﾠslurries,	 ﾠthe	 ﾠpractical	 ﾠceiling	 ﾠwith	 ﾠrespect	 ﾠto	 ﾠsolids	 ﾠcontent	 ﾠin	 ﾠ
dewatering	 ﾠcould	 ﾠbe	 ﾠraised	 ﾠsignificantly;	 ﾠor	 ﾠif	 ﾠa	 ﾠlucrative	 ﾠmarket	 ﾠdevelops	 ﾠfor	 ﾠ
soluble	 ﾠlignin	 ﾠproducts,	 ﾠoptimum	 ﾠNaOH	 ﾠloading	 ﾠwould	 ﾠlikely	 ﾠincrease.]	 ﾠ	 ﾠ
Some	 ﾠof	 ﾠthe	 ﾠbaseline	 ﾠvalues	 ﾠused	 ﾠhere	 ﾠare	 ﾠbased	 ﾠon	 ﾠSills’	 ﾠstudies	 ﾠ[33],	 ﾠand	 ﾠ
discussion	 ﾠof	 ﾠthem	 ﾠis	 ﾠgiven	 ﾠbelow.	 ﾠOther	 ﾠbaseline	 ﾠvalues	 ﾠcome	 ﾠfrom	 ﾠconsideration	 ﾠof	 ﾠ
similar	 ﾠprocesses	 ﾠin	 ﾠother	 ﾠcontexts.	 ﾠOur	 ﾠperceptions	 ﾠof	 ﾠeconomical	 ﾠand/or	 ﾠ
technological	 ﾠpracticality	 ﾠwere	 ﾠalso	 ﾠgiven	 ﾠimplicit	 ﾠconsideration.	 ﾠ
	 ﾠ
	 ﾠ
4.2.1.  NaOH	 ﾠLoading	 ﾠ
Deborah	 ﾠSills	 ﾠ	 ﾠ[33]	 ﾠused	 ﾠ20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠTS	 ﾠfor	 ﾠall	 ﾠof	 ﾠher	 ﾠenzymatic	 ﾠ
hydrolysis	 ﾠexperiments	 ﾠwith	 ﾠdifferent	 ﾠlevels	 ﾠof	 ﾠCB	 ﾠand	 ﾠMX.	 ﾠThis	 ﾠabsolutely	 ﾠ
constrained	 ﾠour	 ﾠhydrolysis	 ﾠmodeling	 ﾠto	 ﾠthat	 ﾠone	 ﾠNaOH	 ﾠloading,	 ﾠsince	 ﾠotherwise	 ﾠno	 ﾠ
hydrolysis	 ﾠdata	 ﾠwere	 ﾠavailable.	 ﾠNonetheless,	 ﾠwe	 ﾠcan	 ﾠexamine	 ﾠher	 ﾠ(and	 ﾠtherefore	 ﾠ
our)	 ﾠdecision	 ﾠto	 ﾠuse	 ﾠ20	 ﾠg	 ﾠNaOH/100g	 ﾠTS,	 ﾠby	 ﾠcomparing	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠhigher	 ﾠ(50	 ﾠg	 ﾠ
NaOH/100	 ﾠg	 ﾠTS)	 ﾠand	 ﾠlower	 ﾠNaOH	 ﾠloadings.	 ﾠ	 ﾠ
First,	 ﾠthe	 ﾠsugar	 ﾠconversion	 ﾠdata	 ﾠfrom	 ﾠhydrolysis	 ﾠwith	 ﾠCB-ﾭ‐only,	 ﾠshows	 ﾠthat	 ﾠfor	 ﾠ
NaOH	 ﾠloading	 ﾠof	 ﾠ20	 ﾠg/100	 ﾠg	 ﾠTS,	 ﾠthe	 ﾠglucose	 ﾠconversion	 ﾠwas	 ﾠ58%;	 ﾠwhen	 ﾠthe	 ﾠNaOH	 ﾠ
loading	 ﾠwas	 ﾠ50	 ﾠg/100	 ﾠg	 ﾠTS	 ﾠthe	 ﾠglucose	 ﾠconversion	 ﾠwas	 ﾠonly	 ﾠslightly	 ﾠhigher	 ﾠ(60.5%).	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That	 ﾠis,	 ﾠwhen	 ﾠthe	 ﾠNaOH	 ﾠloading	 ﾠincreased	 ﾠ150%,	 ﾠthe	 ﾠglucose	 ﾠconversion	 ﾠincreased	 ﾠ
only	 ﾠ4.31%.	 ﾠAnd	 ﾠthe	 ﾠsituation	 ﾠis	 ﾠquite	 ﾠthe	 ﾠsame	 ﾠfor	 ﾠxylose.	 ﾠThis	 ﾠsuggests	 ﾠthat	 ﾠthere	 ﾠ
certainly	 ﾠis	 ﾠnothing	 ﾠto	 ﾠbe	 ﾠgained	 ﾠsignificantly	 ﾠby	 ﾠexceeding	 ﾠa	 ﾠloading	 ﾠof	 ﾠ20	 ﾠg	 ﾠ
NaOH/100	 ﾠg	 ﾠTS	 ﾠ–	 ﾠespecially	 ﾠin	 ﾠlight	 ﾠof	 ﾠthe	 ﾠincreased	 ﾠNaOH	 ﾠconsumption	 ﾠ(chemical	 ﾠ
and	 ﾠnet-ﾭ‐process)	 ﾠwhich	 ﾠwould	 ﾠbe	 ﾠincurred	 ﾠat	 ﾠhigher	 ﾠloadings.	 ﾠ
Second,	 ﾠFigure	 ﾠ4.1	 ﾠand	 ﾠFigure	 ﾠ4.2	 ﾠdo	 ﾠnot	 ﾠcontraindicate	 ﾠthe	 ﾠselection	 ﾠof	 ﾠ20	 ﾠg	 ﾠ
NaOH/100	 ﾠg	 ﾠTS	 ﾠas	 ﾠNaOH	 ﾠloading.	 ﾠFigure	 ﾠ4.1	 ﾠshows	 ﾠhow	 ﾠkg	 ﾠglucose,	 ﾠkg	 ﾠxylose,	 ﾠand	 ﾠkg	 ﾠ
total	 ﾠsugars	 ﾠ(calculated	 ﾠas	 ﾠthe	 ﾠsum	 ﾠof	 ﾠsugars	 ﾠfrom	 ﾠpretreatment	 ﾠand	 ﾠhydrolysis)	 ﾠper	 ﾠ
kg	 ﾠNaOH	 ﾠconsumption	 ﾠvary	 ﾠwith	 ﾠdifferent	 ﾠNaOH	 ﾠloadings.	 ﾠFigure	 ﾠ4.2	 ﾠshows	 ﾠhow	 ﾠkg	 ﾠ
glucose,	 ﾠkg	 ﾠxylose,	 ﾠand	 ﾠkg	 ﾠtotal	 ﾠsugars	 ﾠper	 ﾠkg	 ﾠNaOH	 ﾠprocess	 ﾠrequirement	 ﾠvaries	 ﾠwith	 ﾠ
NaOH	 ﾠloading.	 ﾠWhile	 ﾠNaOH	 ﾠconsumption	 ﾠand	 ﾠNaOH	 ﾠprocess	 ﾠrequirement	 ﾠare	 ﾠnot	 ﾠthe	 ﾠ
only	 ﾠcosts	 ﾠassociated	 ﾠwith	 ﾠusing	 ﾠhigher	 ﾠNaOH	 ﾠloadings,	 ﾠit	 ﾠdoes	 ﾠappear	 ﾠthat	 ﾠthe	 ﾠratio	 ﾠ
of	 ﾠsugars	 ﾠto	 ﾠNaOH	 ﾠconsumed	 ﾠor	 ﾠrequired	 ﾠis	 ﾠrelatively	 ﾠflat	 ﾠbetween	 ﾠloadings	 ﾠof	 ﾠ10	 ﾠ
and	 ﾠ20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠTS.	 ﾠFurthermore,	 ﾠgiven	 ﾠthat	 ﾠthere	 ﾠare	 ﾠother	 ﾠbenefits	 ﾠ
associated	 ﾠwith	 ﾠhigher	 ﾠsugar	 ﾠconversions	 ﾠ(e.g.,	 ﾠless	 ﾠresidues	 ﾠfor	 ﾠfinal	 ﾠdisposal),	 ﾠthese	 ﾠ




Figure	 ﾠ4.	 ﾠ1.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠNaOH	 ﾠloading	 ﾠon	 ﾠthe	 ﾠkg	 ﾠglucose	 ﾠper	 ﾠkg	 ﾠNaOH	 ﾠconsumption,	 ﾠkg	 ﾠ
xylose	 ﾠper	 ﾠkg	 ﾠNaOH	 ﾠconsumption,	 ﾠand	 ﾠkg	 ﾠsugar	 ﾠper	 ﾠkg	 ﾠNaOH	 ﾠconsumption.Kg	 ﾠglucose	 ﾠ
and	 ﾠkg	 ﾠxylose,	 ﾠrespectively,	 ﾠinclude	 ﾠglucose	 ﾠand	 ﾠxylose	 ﾠfrom	 ﾠpretreatment	 ﾠand	 ﾠ
enzymatic	 ﾠhydrolysis	 ﾠprocesses	 ﾠ(i.e.,	 ﾠsoluble	 ﾠtotal	 ﾠmasses	 ﾠof	 ﾠglucose	 ﾠand	 ﾠxylose).	 ﾠKg	 ﾠ
sugar	 ﾠis	 ﾠthe	 ﾠsum	 ﾠweight	 ﾠof	 ﾠtotal	 ﾠglucose	 ﾠmass	 ﾠand	 ﾠtotal	 ﾠxylose	 ﾠmass.	 ﾠKg	 ﾠNaOH	 ﾠ
consumption	 ﾠrefers	 ﾠto	 ﾠthe	 ﾠchemical	 ﾠconsumption	 ﾠduring	 ﾠthe	 ﾠpretreatment	 ﾠprocess	 ﾠonly.	 ﾠ
	 ﾠ
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Figure	 ﾠ4.	 ﾠ2.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠNaOH	 ﾠloading	 ﾠon	 ﾠthe	 ﾠkg	 ﾠglucose	 ﾠper	 ﾠkg	 ﾠprocess	 ﾠNaOH	 ﾠ
requirement,	 ﾠkg	 ﾠxylose	 ﾠper	 ﾠkg	 ﾠprocess	 ﾠNaOH	 ﾠrequirement,	 ﾠand	 ﾠkg	 ﾠsugar	 ﾠper	 ﾠkg	 ﾠ
process	 ﾠNaOH	 ﾠrequirement.Kg	 ﾠglucose	 ﾠand	 ﾠkg	 ﾠxylose,	 ﾠrespectively,	 ﾠinclude	 ﾠglucose	 ﾠ
and	 ﾠxylose	 ﾠfrom	 ﾠpretreatment	 ﾠand	 ﾠenzymatic	 ﾠhydrolysis	 ﾠprocesses	 ﾠ(i.e.,	 ﾠsoluble	 ﾠtotal	 ﾠ
masses	 ﾠof	 ﾠglucose	 ﾠand	 ﾠxylose).	 ﾠKg	 ﾠsugar	 ﾠis	 ﾠthe	 ﾠsum	 ﾠweight	 ﾠof	 ﾠtotal	 ﾠglucose	 ﾠmass	 ﾠand	 ﾠ
total	 ﾠxylose	 ﾠmass.	 ﾠKg	 ﾠprocess	 ﾠNaOH	 ﾠrequirement	 ﾠrefers	 ﾠto	 ﾠthe	 ﾠfresh,	 ﾠmakeup	 ﾠNaOH	 ﾠ
input	 ﾠrequirement	 ﾠin	 ﾠthe	 ﾠpretreatment	 ﾠprocess.	 ﾠ
	 ﾠ
4.2.2.  Solids	 ﾠConcentration	 ﾠin	 ﾠPressed	 ﾠCake	 ﾠ
A	 ﾠhigher	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠwill	 ﾠalways	 ﾠbe	 ﾠbetter,	 ﾠin	 ﾠ
terms	 ﾠof	 ﾠminimizing	 ﾠNaOH	 ﾠprocess	 ﾠrequirement.	 ﾠTherefore,	 ﾠselection	 ﾠof	 ﾠa	 ﾠbaseline	 ﾠ
value	 ﾠcannot	 ﾠbe	 ﾠbased	 ﾠon	 ﾠoptimization,	 ﾠbut	 ﾠrather	 ﾠon	 ﾠwhat	 ﾠis	 ﾠreasonably	 ﾠachievable.	 ﾠ
Sludge	 ﾠdewatering	 ﾠfrom	 ﾠwastewater	 ﾠtreatment	 ﾠprocesses	 ﾠand	 ﾠpulp	 ﾠpressing	 ﾠ
operations	 ﾠin	 ﾠthe	 ﾠpaper	 ﾠindustry	 ﾠhave	 ﾠsimilar	 ﾠtechnologies	 ﾠto	 ﾠattain	 ﾠa	 ﾠrelatively	 ﾠ
higher	 ﾠpercentage	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠ[29].	 ﾠPractically,	 ﾠ20%	 ﾠis	 ﾠreliably	 ﾠ
achievable.	 ﾠTherefore	 ﾠ20%	 ﾠis	 ﾠa	 ﾠreasonable	 ﾠvalue	 ﾠfor	 ﾠus	 ﾠto	 ﾠuse	 ﾠhere	 ﾠas	 ﾠthe	 ﾠbaseline	 ﾠ
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4.2.3.  Ideal	 ﾠExchange	 ﾠ
A	 ﾠhigher	 ﾠpercentage	 ﾠof	 ﾠideal	 ﾠexchange	 ﾠwill	 ﾠalways	 ﾠachieve	 ﾠbetter	 ﾠresults,	 ﾠin	 ﾠ
terms	 ﾠof	 ﾠprocess	 ﾠrequirement	 ﾠof	 ﾠfresh	 ﾠNaOH	 ﾠin	 ﾠpretreatment.	 ﾠPractically,	 ﾠa	 ﾠquite	 ﾠ
conservative	 ﾠassumption	 ﾠof	 ﾠ50%	 ﾠideal	 ﾠexchange	 ﾠwas	 ﾠchosen.	 ﾠ
	 ﾠ
	 ﾠ
4.2.4.  Solids	 ﾠConcentration	 ﾠin	 ﾠthe	 ﾠHydrolysis	 ﾠProcess	 ﾠ
Because	 ﾠof	 ﾠthe	 ﾠwater	 ﾠcontributed	 ﾠby	 ﾠaddition	 ﾠof	 ﾠHCl,	 ﾠneutralization,	 ﾠcitrate	 ﾠ
buffer,	 ﾠCB	 ﾠloading,	 ﾠMX	 ﾠloading,	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠwill	 ﾠalways	 ﾠbe	 ﾠ
lower	 ﾠthan	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠfrom	 ﾠpretreatment.	 ﾠBecause	 ﾠ
we	 ﾠplan	 ﾠto	 ﾠinvestigate	 ﾠvariations	 ﾠin	 ﾠpressed-ﾭ‐cake	 ﾠsolids	 ﾠconcentration	 ﾠfrom	 ﾠvalues	 ﾠ
as	 ﾠlow	 ﾠas	 ﾠ10%	 ﾠsolids,	 ﾠwe	 ﾠselected	 ﾠ5%	 ﾠas	 ﾠthe	 ﾠbaseline	 ﾠfor	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠ
the	 ﾠhydrolysis	 ﾠprocess.	 ﾠ
	 ﾠ
4.2.5.  CB	 ﾠLoading	 ﾠ
	 ﾠ
Saccharification	 ﾠvirtually	 ﾠplateaus	 ﾠbeyond	 ﾠabout	 ﾠ50	 ﾠg	 ﾠCB	 ﾠprotein/kg	 ﾠTS	 ﾠ
loading.	 ﾠWe	 ﾠarbitrarily	 ﾠbacked	 ﾠoff	 ﾠfrom	 ﾠthat	 ﾠand	 ﾠchose	 ﾠa	 ﾠbaseline	 ﾠof	 ﾠ25	 ﾠg	 ﾠCB	 ﾠ
protein/kg	 ﾠTS	 ﾠloading	 ﾠ–	 ﾠvery	 ﾠclose	 ﾠto	 ﾠthe	 ﾠplateau	 ﾠ(Figures	 ﾠ4.3	 ﾠ–	 ﾠ4.6,	 ﾠbased	 ﾠon	 ﾠour	 ﾠ
model	 ﾠsimulations,).	 ﾠThis	 ﾠwas	 ﾠalso	 ﾠthe	 ﾠCB	 ﾠloading	 ﾠused	 ﾠby	 ﾠDeborah	 ﾠSills	 ﾠin	 ﾠher	 ﾠ




Figure	 ﾠ4.	 ﾠ3.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠCB	 ﾠloading	 ﾠon	 ﾠkg	 ﾠtotal	 ﾠsoluble	 ﾠglucose.1000	 ﾠkg	 ﾠ
switchgrass	 ﾠpretreated	 ﾠwith	 ﾠ20	 ﾠg	 ﾠNaOH	 ﾠloading/100	 ﾠg	 ﾠraw	 ﾠTS,	 ﾠ20%	 ﾠsolids	 ﾠ
concentration	 ﾠin	 ﾠpressed	 ﾠcake,	 ﾠ50%	 ﾠideal	 ﾠexchange;	 ﾠand	 ﾠconstant	 ﾠMX	 ﾠloading	 ﾠof	 ﾠ
12.5	 ﾠg	 ﾠMX	 ﾠprotein/kg	 ﾠTS.	 ﾠFor	 ﾠkg	 ﾠtotal	 ﾠsoluble	 ﾠglucose,	 ﾠit	 ﾠrefers	 ﾠto	 ﾠthe	 ﾠtotal	 ﾠweight	 ﾠ
of	 ﾠsoluble	 ﾠglucose	 ﾠafter	 ﾠthe	 ﾠprocesses	 ﾠof	 ﾠpretreatment	 ﾠand	 ﾠhydrolysis.	 ﾠ	 ﾠ



































CB	 ﾠloading	 ﾠ(g	 ﾠprotein/kg	 ﾠTS)	 ﾠ57	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ 4.	 ﾠ 4.	 ﾠ The	 ﾠ effect	 ﾠ of	 ﾠ CB	 ﾠ loading	 ﾠ on	 ﾠ %	 ﾠ conversion	 ﾠ of	 ﾠ glucose.1000	 ﾠ kg	 ﾠ
switchgrass	 ﾠ pretreated	 ﾠ with	 ﾠ 20	 ﾠ g	 ﾠ NaOH	 ﾠ loading/100	 ﾠ g	 ﾠ raw	 ﾠ TS,	 ﾠ 20%	 ﾠ solids	 ﾠ
concentration	 ﾠin	 ﾠpressed	 ﾠcake,	 ﾠ50%	 ﾠideal	 ﾠexchange,	 ﾠand	 ﾠconstant	 ﾠMX	 ﾠloading	 ﾠof	 ﾠ
12.5	 ﾠ g	 ﾠ MX	 ﾠ protein/kg	 ﾠ TS.	 ﾠ For	 ﾠ %	 ﾠ conversion	 ﾠ of	 ﾠ glucose,	 ﾠ it	 ﾠ refers	 ﾠ to	 ﾠ the	 ﾠ total	 ﾠ
soluble	 ﾠ glucose	 ﾠ as	 ﾠ percentage	 ﾠ of	 ﾠ the	 ﾠ total	 ﾠ potential	 ﾠ glucose	 ﾠ in	 ﾠ the	 ﾠ raw	 ﾠ
switchgrass.	 ﾠ
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Figure	 ﾠ4.	 ﾠ5.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠCB	 ﾠloading	 ﾠon	 ﾠkg	 ﾠtotal	 ﾠsoluble	 ﾠxylose.1000	 ﾠkg	 ﾠ
switchgrass	 ﾠafter	 ﾠthe	 ﾠpretreatment	 ﾠof	 ﾠ20	 ﾠg	 ﾠNaOH	 ﾠloading/100	 ﾠg	 ﾠraw	 ﾠTS,	 ﾠ20%	 ﾠ
solids	 ﾠconcentration	 ﾠin	 ﾠpressed	 ﾠcake,	 ﾠ50%	 ﾠideal	 ﾠexchange;	 ﾠthe	 ﾠMX	 ﾠloading	 ﾠkeeps	 ﾠ
constant	 ﾠat	 ﾠits	 ﾠbaseline	 ﾠof	 ﾠ12.5	 ﾠg	 ﾠprotein/kg	 ﾠTS.	 ﾠFor	 ﾠkg	 ﾠtotal	 ﾠsoluble	 ﾠxylose,	 ﾠit	 ﾠ
refers	 ﾠto	 ﾠthe	 ﾠtotal	 ﾠweight	 ﾠof	 ﾠsoluble	 ﾠxylose	 ﾠafter	 ﾠthe	 ﾠprocesses	 ﾠof	 ﾠpretreatment	 ﾠ
and	 ﾠhydrolysis.	 ﾠ
	 ﾠ
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Figure	 ﾠ4.	 ﾠ6.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠCB	 ﾠloading	 ﾠon	 ﾠ%	 ﾠconversion	 ﾠof	 ﾠxylose.1000	 ﾠkg	 ﾠ
switchgrass	 ﾠafter	 ﾠthe	 ﾠpretreatment	 ﾠof	 ﾠ20	 ﾠg	 ﾠNaOH	 ﾠloading/100	 ﾠg	 ﾠraw	 ﾠTS,	 ﾠ20%	 ﾠ
solids	 ﾠconcentration	 ﾠin	 ﾠpressed	 ﾠcake,	 ﾠ50%	 ﾠideal	 ﾠexchange;	 ﾠthe	 ﾠMX	 ﾠloading	 ﾠkeeps	 ﾠ
constant	 ﾠat	 ﾠits	 ﾠbaseline	 ﾠof	 ﾠ12.5	 ﾠg	 ﾠprotein/kg	 ﾠTS.	 ﾠFor	 ﾠ%	 ﾠconversion	 ﾠof	 ﾠxylose,	 ﾠit	 ﾠ
refers	 ﾠto	 ﾠthe	 ﾠweight	 ﾠfraction	 ﾠof	 ﾠtotal	 ﾠsoluble	 ﾠxylose	 ﾠon	 ﾠthe	 ﾠtotal	 ﾠpotential	 ﾠglucose.	 ﾠ
	 ﾠ
These	 ﾠfigures	 ﾠ(Figures	 ﾠ4.3	 ﾠ–4.6)	 ﾠshow	 ﾠhow	 ﾠthe	 ﾠproduction	 ﾠof	 ﾠsoluble	 ﾠglucose	 ﾠ
and	 ﾠxylose	 ﾠper	 ﾠ1000	 ﾠkg	 ﾠ(dry	 ﾠwt)	 ﾠswitchgrass,	 ﾠvary	 ﾠwith	 ﾠdifferent	 ﾠCB	 ﾠprotein	 ﾠ
loadings,	 ﾠafter	 ﾠpretreatment	 ﾠwith	 ﾠ20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠraw	 ﾠTS	 ﾠloading,	 ﾠ20%	 ﾠsolids	 ﾠ
concentration	 ﾠof	 ﾠpressed	 ﾠcake	 ﾠand	 ﾠ50%	 ﾠideal	 ﾠexchange,	 ﾠand	 ﾠMX	 ﾠloading	 ﾠat	 ﾠa	 ﾠconstant	 ﾠ
baseline	 ﾠvalue	 ﾠof	 ﾠ12.5	 ﾠg	 ﾠMX	 ﾠprotein/kg	 ﾠTS.	 ﾠGenerally,	 ﾠtotal	 ﾠmass	 ﾠof	 ﾠglucose,	 ﾠtotal	 ﾠ
mass	 ﾠof	 ﾠxylose,	 ﾠpercentage	 ﾠglucose	 ﾠconversion,	 ﾠand	 ﾠpercentage	 ﾠxylose	 ﾠconversion	 ﾠ
have	 ﾠan	 ﾠincreasing	 ﾠtendency	 ﾠwith	 ﾠincreased	 ﾠCB	 ﾠloading;	 ﾠand	 ﾠ25	 ﾠg	 ﾠCB	 ﾠprotein/kg	 ﾠTS	 ﾠ
loading	 ﾠis	 ﾠvery	 ﾠclose	 ﾠto	 ﾠthe	 ﾠplateau.	 ﾠ
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4.2.6.  MX	 ﾠLoading	 ﾠ
Baseline	 ﾠfor	 ﾠthe	 ﾠMX	 ﾠloading	 ﾠwas	 ﾠchosen	 ﾠbased	 ﾠon	 ﾠthe	 ﾠCB	 ﾠloading	 ﾠbaseline	 ﾠand	 ﾠ
marginal	 ﾠeffectiveness	 ﾠ(Figure	 ﾠ4.7).	 ﾠAn	 ﾠMX	 ﾠloading	 ﾠof	 ﾠ12.5	 ﾠg	 ﾠMX/kg	 ﾠTS	 ﾠachieves	 ﾠa	 ﾠ
marginal	 ﾠeffectiveness	 ﾠfor	 ﾠglucose	 ﾠproduction	 ﾠcomparable	 ﾠto	 ﾠthat	 ﾠachieved	 ﾠby	 ﾠthe	 ﾠ
chosen	 ﾠbaseline	 ﾠCB	 ﾠloading	 ﾠof	 ﾠ25	 ﾠg	 ﾠCB/kg	 ﾠTS.	 ﾠ
Marginal	 ﾠeffectiveness	 ﾠis	 ﾠdefined	 ﾠas	 ﾠthe	 ﾠincremental	 ﾠincrease	 ﾠin	 ﾠsugar	 ﾠyield	 ﾠ
per	 ﾠincremental	 ﾠaddition	 ﾠof	 ﾠenzyme	 ﾠprotein.	 ﾠExample	 ﾠcalculations	 ﾠare	 ﾠgiven	 ﾠbelow.	 ﾠ
According	 ﾠto	 ﾠSills’	 ﾠpaper	 ﾠ[33],	 ﾠ	 ﾠ
Glucose	 ﾠYield	 ﾠ(%	 ﾠof	 ﾠpotential)	 ﾠ=	 ﾠ
  . ×  
 .      + ﾠ
  . ×  
 .     	 ﾠ
The	 ﾠmarginal	 ﾠeffectiveness	 ﾠof	 ﾠglucose	 ﾠcan	 ﾠbe	 ﾠcalculated	 ﾠfrom	 ﾠthe	 ﾠdifferential	 ﾠ
of	 ﾠglucose	 ﾠyield	 ﾠwith	 ﾠrespect	 ﾠto	 ﾠeach	 ﾠenzyme	 ﾠ(CB	 ﾠand	 ﾠMX	 ﾠloading).	 ﾠ	 ﾠ
Marginal	 ﾠeffectiveness	 ﾠ(g	 ﾠglucose/g	 ﾠCB	 ﾠprotein):	 ﾠ
64.6×2.64




1  ﾠ    ﾠ  
0.697 ﾠ  ﾠ  
×0.402	 ﾠ
Marginal	 ﾠeffectiveness	 ﾠ(g	 ﾠglucose/g	 ﾠMX	 ﾠprotein):	 ﾠ
14.6×6.75




1  ﾠ    ﾠ  
0.697 ﾠ  ﾠ  
×0.402	 ﾠ
The	 ﾠglucose	 ﾠmarginal	 ﾠeffectiveness	 ﾠplot	 ﾠis	 ﾠpresented	 ﾠhere	 ﾠwith	 ﾠrespect	 ﾠto	 ﾠCB	 ﾠ
and	 ﾠMX,	 ﾠand	 ﾠit	 ﾠwas	 ﾠused	 ﾠto	 ﾠdetermine	 ﾠthe	 ﾠbaseline	 ﾠof	 ﾠMX	 ﾠloading,	 ﾠby	 ﾠfinding	 ﾠthe	 ﾠ
value	 ﾠof	 ﾠMX	 ﾠloading	 ﾠthat	 ﾠgives	 ﾠa	 ﾠmarginal	 ﾠeffectiveness	 ﾠfor	 ﾠglucose	 ﾠproduction	 ﾠ




Figure	 ﾠ4.	 ﾠ7.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠprotein	 ﾠloading	 ﾠ(CB	 ﾠor	 ﾠMX)	 ﾠon	 ﾠmarginal	 ﾠeffectiveness	 ﾠ(g	 ﾠ
incremental	 ﾠglucose/g	 ﾠincremental	 ﾠprotein)	 ﾠin	 ﾠenzymatic	 ﾠhydrolysis	 ﾠof	 ﾠswitchgrass,	 ﾠ
pretreated	 ﾠwith	 ﾠ20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠTS.	 ﾠ
	 ﾠ
4.3.  Effect	 ﾠof	 ﾠVariables	 ﾠon	 ﾠPerformance	 ﾠ
Process	 ﾠperformance	 ﾠdepends	 ﾠon	 ﾠmany	 ﾠvariables.	 ﾠDue	 ﾠto	 ﾠthe	 ﾠcomplexity	 ﾠof	 ﾠ
the	 ﾠmodel,	 ﾠadjustment	 ﾠin	 ﾠone	 ﾠindependent	 ﾠvariable	 ﾠcan	 ﾠcause	 ﾠeffects	 ﾠin	 ﾠmany	 ﾠ
important	 ﾠoutput	 ﾠparameters.	 ﾠAll	 ﾠthe	 ﾠfigures	 ﾠbelow	 ﾠ(Figures	 ﾠ4.8	 ﾠ–	 ﾠ4.29)	 ﾠare	 ﾠbased	 ﾠon	 ﾠ
processing	 ﾠa	 ﾠbatch	 ﾠof	 ﾠ1000	 ﾠkg	 ﾠswitchgrass	 ﾠ(dry	 ﾠwt)	 ﾠthat	 ﾠarrives	 ﾠat	 ﾠthe	 ﾠfacility	 ﾠwith	 ﾠ
5%	 ﾠmoisture	 ﾠcontent.	 ﾠAll	 ﾠhorizontal	 ﾠaxes	 ﾠare	 ﾠindependent	 ﾠvariables,	 ﾠand	 ﾠall	 ﾠvertical	 ﾠ
axes	 ﾠare	 ﾠdependent	 ﾠvariables.	 ﾠWhen	 ﾠwe	 ﾠare	 ﾠexploring	 ﾠthe	 ﾠrelationship	 ﾠbetween	 ﾠtwo	 ﾠ
parameters,	 ﾠall	 ﾠother	 ﾠindependent	 ﾠvariables	 ﾠare	 ﾠkept	 ﾠat	 ﾠbaseline	 ﾠvalues.	 ﾠFrom	 ﾠthe	 ﾠ
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independent	 ﾠvariables	 ﾠon	 ﾠa	 ﾠdependent	 ﾠvariable	 ﾠis	 ﾠstrong	 ﾠor	 ﾠweak,	 ﾠpositive	 ﾠor	 ﾠ
negative.	 ﾠ
	 ﾠ
4.3.1.  Relationship	 ﾠBetween	 ﾠNaOH	 ﾠLoading	 ﾠand	 ﾠNaOH	 ﾠChemical	 ﾠ
Consumption	 ﾠ
With	 ﾠall	 ﾠother	 ﾠindependent	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠ
NaOH	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ5	 ﾠto	 ﾠ20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠraw	 ﾠTS.	 ﾠNaOH	 ﾠchemical	 ﾠ
consumption	 ﾠis	 ﾠone	 ﾠof	 ﾠthe	 ﾠdependent	 ﾠvariables.	 ﾠThe	 ﾠrelationship	 ﾠbetween	 ﾠNaOH	 ﾠ
loading	 ﾠand	 ﾠNaOH	 ﾠchemical	 ﾠconsumption	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.8.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ8.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠNaOH	 ﾠloading	 ﾠon	 ﾠkg	 ﾠNaOH	 ﾠconsumption.	 ﾠKg	 ﾠNaOH	 ﾠ
consumption	 ﾠrefers	 ﾠto	 ﾠchemical	 ﾠconsumption	 ﾠin	 ﾠpretreatment	 ﾠprocess	 ﾠonly.	 ﾠ
	 ﾠ
The	 ﾠFigure	 ﾠshows	 ﾠthat	 ﾠkg	 ﾠNaOH	 ﾠconsumption	 ﾠincreases	 ﾠwith	 ﾠincreasing	 ﾠ
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represents	 ﾠa	 ﾠrelatively	 ﾠstrong	 ﾠand	 ﾠpositive	 ﾠeffect	 ﾠof	 ﾠNaOH	 ﾠloading	 ﾠon	 ﾠNaOH	 ﾠchemical	 ﾠ
consumption.	 ﾠ
	 ﾠ
4.3.2.  Relationship	 ﾠBetween	 ﾠNaOH	 ﾠLoading	 ﾠand	 ﾠProcess	 ﾠRequirement	 ﾠfor	 ﾠ
NaOH	 ﾠ
With	 ﾠall	 ﾠother	 ﾠindependent	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠ
NaOH	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ5	 ﾠto	 ﾠ20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠraw	 ﾠTS.	 ﾠThe	 ﾠresulting	 ﾠ
process	 ﾠrequirement	 ﾠfor	 ﾠnew	 ﾠNaOH	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.9.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ9.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠNaOH	 ﾠloading	 ﾠon	 ﾠkg	 ﾠprocess	 ﾠNaOH	 ﾠrequirement.	 ﾠKg	 ﾠ
process	 ﾠNaOH	 ﾠrequirement	 ﾠcombines	 ﾠthe	 ﾠNaOH	 ﾠchemical	 ﾠconsumption	 ﾠand	 ﾠthe	 ﾠ
loss	 ﾠof	 ﾠNaOH	 ﾠincorporated	 ﾠinto	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠleaving	 ﾠthe	 ﾠpretreatment	 ﾠ
process.	 ﾠ
	 ﾠ
The	 ﾠFigure	 ﾠshows	 ﾠthat,	 ﾠas	 ﾠwith	 ﾠkg	 ﾠNaOH	 ﾠconsumption,	 ﾠthe	 ﾠkg	 ﾠprocess	 ﾠNaOH	 ﾠ
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with	 ﾠincreased	 ﾠloading..	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠincreasing	 ﾠthe	 ﾠNaOH	 ﾠloading	 ﾠwill	 ﾠlead	 ﾠto	 ﾠ
increased	 ﾠchemical	 ﾠconsumption	 ﾠduring	 ﾠthe	 ﾠpretreatment	 ﾠprocess;	 ﾠand	 ﾠhigher	 ﾠNaOH	 ﾠ
loading	 ﾠwill	 ﾠalso	 ﾠresult	 ﾠin	 ﾠmore	 ﾠNaOH	 ﾠremaining	 ﾠafter	 ﾠthe	 ﾠpretreatment	 ﾠprocess,	 ﾠ
which	 ﾠwill	 ﾠresult	 ﾠin	 ﾠa	 ﾠlarger	 ﾠmass	 ﾠof	 ﾠNaOH	 ﾠentrained	 ﾠin	 ﾠthe	 ﾠwater	 ﾠof	 ﾠthe	 ﾠpressed	 ﾠ
cake.	 ﾠThus,	 ﾠthe	 ﾠcombination	 ﾠof	 ﾠthese	 ﾠtwo	 ﾠeffects	 ﾠcauses	 ﾠa	 ﾠstrong,	 ﾠpositive	 ﾠeffect	 ﾠon	 ﾠ
process	 ﾠrequired	 ﾠnew	 ﾠNaOH.	 ﾠ
	 ﾠ
4.3.3.  Relationship	 ﾠBetween	 ﾠNaOH	 ﾠLoading	 ﾠand	 ﾠProcess	 ﾠRequirement	 ﾠFor	 ﾠ
Water	 ﾠin	 ﾠPretreatment	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
NaOH	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ5	 ﾠto	 ﾠ20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠraw	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠ





Figure	 ﾠ4.	 ﾠ10.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠNaOH	 ﾠloading	 ﾠon	 ﾠkg	 ﾠpretreatment	 ﾠnew	 ﾠwater	 ﾠ
requirement.	 ﾠ
	 ﾠ
Fresh,	 ﾠmakeup	 ﾠwater	 ﾠis	 ﾠrequired	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠwater	 ﾠloss	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠ
and	 ﾠthrough	 ﾠchemical	 ﾠconsumption.	 ﾠFigure	 ﾠ4.10	 ﾠshows	 ﾠa	 ﾠlower	 ﾠrequirement	 ﾠfor	 ﾠ
makeup	 ﾠwater	 ﾠas	 ﾠNaOH	 ﾠloading	 ﾠincreases.	 ﾠHigher	 ﾠNaOH	 ﾠloading	 ﾠcauses	 ﾠgreater	 ﾠ
solubilization	 ﾠand	 ﾠtherefore	 ﾠresults	 ﾠin	 ﾠlower	 ﾠremaining	 ﾠsolids.	 ﾠWith	 ﾠthe	 ﾠsame	 ﾠsolids	 ﾠ
concentration	 ﾠin	 ﾠpressed	 ﾠcake,	 ﾠa	 ﾠlower	 ﾠremaining	 ﾠsolids	 ﾠmass	 ﾠleads	 ﾠto	 ﾠa	 ﾠless	 ﾠ
entrained	 ﾠwater	 ﾠdeparting	 ﾠwith	 ﾠthe	 ﾠpressed	 ﾠcake.	 ﾠWater	 ﾠconsumed	 ﾠvia	 ﾠchemical	 ﾠ
hydrolysis	 ﾠof	 ﾠglucan	 ﾠand	 ﾠxylan	 ﾠis	 ﾠrelatively	 ﾠminor,	 ﾠby	 ﾠcomparison.	 ﾠThe	 ﾠoverall	 ﾠeffect	 ﾠ
of	 ﾠNaOH	 ﾠloading	 ﾠon	 ﾠmakeup	 ﾠwater	 ﾠrequired	 ﾠin	 ﾠpretreatment	 ﾠis	 ﾠnegative.	 ﾠ
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4.3.4.  Relationship	 ﾠBetween	 ﾠPercentage	 ﾠSolids	 ﾠConcentration	 ﾠin	 ﾠPressed	 ﾠ
Cake	 ﾠand	 ﾠRequired	 ﾠMakeup	 ﾠWater	 ﾠin	 ﾠPretreatment	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
percentage	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ10%	 ﾠto	 ﾠ
30%.	 ﾠThe	 ﾠrelationship	 ﾠbetween	 ﾠpercentage	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠ
and	 ﾠmakeup	 ﾠwater	 ﾠrequired	 ﾠin	 ﾠpretreatment	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.11.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ11.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠon	 ﾠkg	 ﾠmakeup	 ﾠ
water	 ﾠrequired	 ﾠin	 ﾠpretreatment.	 ﾠ
	 ﾠ
The	 ﾠFigure	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠ
increases,	 ﾠthe	 ﾠkg	 ﾠof	 ﾠmakeup	 ﾠwater	 ﾠrequired	 ﾠin	 ﾠpretreatment	 ﾠdecreases	 ﾠrelatively	 ﾠ
strongly.	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠa	 ﾠhigher	 ﾠpercentage	 ﾠsolids	 ﾠconcentration	 ﾠwill	 ﾠlead	 ﾠto	 ﾠless	 ﾠ
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4.3.5.  Relationship	 ﾠBetween	 ﾠPercentage	 ﾠSolids	 ﾠConcentration	 ﾠin	 ﾠPressed	 ﾠ
Cake	 ﾠand	 ﾠPretreatment	 ﾠProcess	 ﾠRequirement	 ﾠfor	 ﾠNew	 ﾠNaOH	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
percentage	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ10%	 ﾠto	 ﾠ30%.	 ﾠ
The	 ﾠrelationship	 ﾠbetween	 ﾠpercentage	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠand	 ﾠ
pretreatment-ﾭ‐process	 ﾠrequirement	 ﾠfor	 ﾠnew	 ﾠNaOH	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.12.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ12.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠon	 ﾠkg	 ﾠnew	 ﾠNaOH	 ﾠ
required	 ﾠin	 ﾠthe	 ﾠpretreatment	 ﾠprocess.	 ﾠ
	 ﾠ
Figure	 ﾠ4.12	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠincreases,	 ﾠ
the	 ﾠkg	 ﾠnew	 ﾠNaOH	 ﾠrequired	 ﾠdecreases	 ﾠaccordingly.	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠwhen	 ﾠthe	 ﾠ
percentage	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠincreases,	 ﾠthe	 ﾠfraction	 ﾠof	 ﾠwater	 ﾠin	 ﾠ
the	 ﾠpressed	 ﾠcake	 ﾠdecreases.	 ﾠAnd	 ﾠthe	 ﾠlower	 ﾠwater	 ﾠfraction	 ﾠwill	 ﾠlead	 ﾠto	 ﾠless	 ﾠNaOH	 ﾠloss	 ﾠ













































4.3.6.  Relationship	 ﾠBetween	 ﾠPercentage	 ﾠIdeal	 ﾠExchange	 ﾠand	 ﾠProcess	 ﾠ
Requirement	 ﾠfor	 ﾠNew	 ﾠNaOH	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
percentage	 ﾠideal	 ﾠexchange	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ0%	 ﾠto	 ﾠ90%.	 ﾠThe	 ﾠrelationship	 ﾠ
between	 ﾠpercentage	 ﾠideal	 ﾠexchange	 ﾠand	 ﾠprocess	 ﾠrequirement	 ﾠfor	 ﾠnew	 ﾠNaOH	 ﾠis	 ﾠ
shown	 ﾠin	 ﾠFigure	 ﾠ4.13.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ13.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠpercentage	 ﾠideal	 ﾠexchange	 ﾠon	 ﾠkg	 ﾠnew	 ﾠNaOH	 ﾠrequired	 ﾠ
in	 ﾠthe	 ﾠpretreatment	 ﾠprocess.	 ﾠ
	 ﾠ
Here	 ﾠwe	 ﾠcan	 ﾠunderstand	 ﾠthat	 ﾠpercentage	 ﾠideal	 ﾠexchange	 ﾠis	 ﾠthe	 ﾠpercentage	 ﾠof	 ﾠ
NaOH	 ﾠin	 ﾠthe	 ﾠentrained	 ﾠwater	 ﾠof	 ﾠthe	 ﾠcake	 ﾠthat	 ﾠis	 ﾠdisplaced	 ﾠand	 ﾠrecycled.	 ﾠWhen	 ﾠideal	 ﾠ
exchange	 ﾠis	 ﾠ0%,	 ﾠit	 ﾠmeans	 ﾠnone	 ﾠof	 ﾠthe	 ﾠNaOH	 ﾠin	 ﾠthe	 ﾠcake	 ﾠgoes	 ﾠinto	 ﾠthe	 ﾠrecycle	 ﾠline;	 ﾠ
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remains	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠand	 ﾠhalf	 ﾠis	 ﾠrecycled.	 ﾠThe	 ﾠexchange	 ﾠoccurs	 ﾠwhen	 ﾠnew	 ﾠ
process	 ﾠwater	 ﾠis	 ﾠpressed	 ﾠthrough	 ﾠthe	 ﾠcake	 ﾠduring	 ﾠa	 ﾠsecond	 ﾠpressing.	 ﾠFigure	 ﾠ4.13	 ﾠ
shows	 ﾠthat	 ﾠa	 ﾠhigher	 ﾠpercentage	 ﾠof	 ﾠideal	 ﾠexchange	 ﾠleads	 ﾠto	 ﾠa	 ﾠlower	 ﾠmass	 ﾠof	 ﾠrequired	 ﾠ
new	 ﾠNaOH	 ﾠfor	 ﾠthe	 ﾠpretreatment	 ﾠprocess.	 ﾠ
	 ﾠ
4.3.7.  Relationship	 ﾠBetween	 ﾠSolids	 ﾠConcentration	 ﾠin	 ﾠHydrolysis	 ﾠand	 ﾠNew	 ﾠ
Required	 ﾠWater	 ﾠin	 ﾠThe	 ﾠHydrolysis	 ﾠProcess	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
solids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ2.5%	 ﾠto	 ﾠ15%.	 ﾠThe	 ﾠ
relationship	 ﾠbetween	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠand	 ﾠnew	 ﾠwater	 ﾠrequirement	 ﾠ
in	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.14.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ14.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠon	 ﾠkg	 ﾠnew	 ﾠwater	 ﾠ
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Figure	 ﾠ4.14	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠincreases,	 ﾠ
the	 ﾠkg	 ﾠnew	 ﾠwater	 ﾠrequired	 ﾠin	 ﾠthe	 ﾠhydrolysis	 ﾠprocess	 ﾠdecrease	 ﾠtremendously.	 ﾠIt	 ﾠis	 ﾠ
because	 ﾠwhen	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠincreases,	 ﾠwater	 ﾠfraction	 ﾠ
decreases.	 ﾠ
	 ﾠ
4.3.8.  Relationship	 ﾠBetween	 ﾠSolids	 ﾠConcentration	 ﾠin	 ﾠHydrolysis	 ﾠand	 ﾠWater	 ﾠ
Remaining	 ﾠafter	 ﾠHydrolysis	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
solids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ2.5%	 ﾠto	 ﾠ15%.	 ﾠThe	 ﾠ
relationship	 ﾠbetween	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠand	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠ
hydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.15.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ15.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠon	 ﾠkg	 ﾠwater	 ﾠ
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Figure	 ﾠ4.15	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠincreases,	 ﾠ
the	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠhydrolysis	 ﾠprocess	 ﾠdecreases	 ﾠtremendously.	 ﾠIncreasing	 ﾠ
the	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠwill	 ﾠnot	 ﾠaffect	 ﾠthe	 ﾠwater	 ﾠconsumption	 ﾠduring	 ﾠ
the	 ﾠhydrolysis	 ﾠprocess,	 ﾠbut	 ﾠsimply	 ﾠdecreases	 ﾠthe	 ﾠtotal	 ﾠkg	 ﾠof	 ﾠwater	 ﾠrequired,	 ﾠboth	 ﾠ
initially	 ﾠand	 ﾠtherefore	 ﾠremaining	 ﾠafter,	 ﾠthe	 ﾠhydrolysis	 ﾠprocess.	 ﾠ	 ﾠ
	 ﾠ
4.3.9.  Relationship	 ﾠBetween	 ﾠSolids	 ﾠConcentration	 ﾠin	 ﾠHydrolysis	 ﾠand	 ﾠTotal	 ﾠ
Glucose	 ﾠConcentration	 ﾠafter	 ﾠHydrolysis	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
solids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ2.5%	 ﾠto	 ﾠ15%.	 ﾠThe	 ﾠ
relationship	 ﾠbetween	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠand	 ﾠtotal	 ﾠglucose	 ﾠ
concentration	 ﾠafter	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.16.	 ﾠ
	 ﾠ 	 ﾠ72	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ16.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠon	 ﾠglucose	 ﾠ
concentration	 ﾠin	 ﾠthe	 ﾠhydrolysate.	 ﾠ(glucose	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠhydrolysate:	 ﾠtotal	 ﾠ
g	 ﾠsoluble	 ﾠglucose	 ﾠfrom	 ﾠpretreatment	 ﾠand	 ﾠthe	 ﾠhydrolysis	 ﾠprocess	 ﾠper	 ﾠkg	 ﾠwater	 ﾠ
remaining	 ﾠafter	 ﾠhydrolysis).	 ﾠ
	 ﾠ
Figure	 ﾠ4.16	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠincreases,	 ﾠ
the	 ﾠtotal	 ﾠglucose	 ﾠconcentration	 ﾠafter	 ﾠhydrolysis	 ﾠincreases	 ﾠtremendously.	 ﾠA	 ﾠhigher	 ﾠ
solids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠwill	 ﾠnot	 ﾠaffect	 ﾠthe	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠglucose	 ﾠafter	 ﾠ
hydrolysis;	 ﾠbut	 ﾠa	 ﾠhigher	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠwill	 ﾠresult	 ﾠin	 ﾠmuch	 ﾠless	 ﾠ
water	 ﾠremaining	 ﾠafter	 ﾠhydrolysis.	 ﾠThat’s	 ﾠhow	 ﾠthe	 ﾠconcentration	 ﾠwill	 ﾠincrease.	 ﾠ
	 ﾠ
4.3.10.  Relationship	 ﾠBetween	 ﾠSolids	 ﾠConcentration	 ﾠin	 ﾠHydrolysis	 ﾠand	 ﾠTotal	 ﾠ
Xylose	 ﾠConcentration	 ﾠafter	 ﾠHydrolysis	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
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 ﾠ
relationship	 ﾠbetween	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠand	 ﾠtotal	 ﾠxylose	 ﾠ
concentration	 ﾠafter	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.17.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ17.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠon	 ﾠxylose	 ﾠ
concentration	 ﾠin	 ﾠthe	 ﾠhydrolysate.	 ﾠ(xylose	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠhydrolysate:	 ﾠtotal	 ﾠ
g	 ﾠsoluble	 ﾠxylose	 ﾠfrom	 ﾠpretreatment	 ﾠand	 ﾠhydrolysis	 ﾠprocesses	 ﾠper	 ﾠkg	 ﾠwater	 ﾠ
remaining	 ﾠafter	 ﾠhydrolysis).	 ﾠ
	 ﾠ
Figure	 ﾠ4.17	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠincreases,	 ﾠ
the	 ﾠtotal	 ﾠxylose	 ﾠconcentration	 ﾠafter	 ﾠhydrolysis	 ﾠincreases	 ﾠtremendously.	 ﾠA	 ﾠhigher	 ﾠ
solids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠwill	 ﾠnot	 ﾠaffect	 ﾠthe	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠxylose	 ﾠafter	 ﾠ
hydrolysis;	 ﾠbut	 ﾠa	 ﾠhigher	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠwill	 ﾠresult	 ﾠin	 ﾠmuch	 ﾠless	 ﾠ
water	 ﾠremaining	 ﾠafter	 ﾠhydrolysis.	 ﾠThat’s	 ﾠhow	 ﾠthe	 ﾠconcentration	 ﾠwill	 ﾠincrease.	 ﾠ
	 ﾠ
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4.3.11.  Relationship	 ﾠBetween	 ﾠSolids	 ﾠConcentration	 ﾠin	 ﾠHydrolysis	 ﾠand	 ﾠTotal	 ﾠ
Lignin	 ﾠConcentration	 ﾠafter	 ﾠHydrolysis	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
solids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ2.5%	 ﾠto	 ﾠ15%.	 ﾠThe	 ﾠ
relationship	 ﾠbetween	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠand	 ﾠtotal	 ﾠlignin	 ﾠ
concentration	 ﾠafter	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.18.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ18.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠon	 ﾠlignin	 ﾠ
concentration	 ﾠin	 ﾠthe	 ﾠhydrolysate.	 ﾠ(lignin	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠhydrolysate:	 ﾠg	 ﾠtotal	 ﾠ
soluble	 ﾠlignin	 ﾠfrom	 ﾠpretreatment	 ﾠper	 ﾠkg	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠhydrolysis).	 ﾠ
	 ﾠ
Figure	 ﾠ4.18	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠincreases,	 ﾠ
the	 ﾠtotal	 ﾠlignin	 ﾠconcentration	 ﾠafter	 ﾠhydrolysis	 ﾠincrease	 ﾠtremendously.	 ﾠA	 ﾠhigher	 ﾠ
solids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠwill	 ﾠnot	 ﾠaffect	 ﾠthe	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠlignin	 ﾠafter	 ﾠ
hydrolysis;	 ﾠbut	 ﾠa	 ﾠhigher	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠwill	 ﾠresult	 ﾠin	 ﾠmuch	 ﾠless	 ﾠ














































4.3.12.  Relationship	 ﾠBetween	 ﾠSolids	 ﾠConcentration	 ﾠin	 ﾠHydrolysis	 ﾠand	 ﾠTotal	 ﾠ
Sodium	 ﾠConcentration	 ﾠafter	 ﾠHydrolysis	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
solids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ2.5%	 ﾠto	 ﾠ15%.	 ﾠThe	 ﾠ
relationship	 ﾠbetween	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠand	 ﾠtotal	 ﾠsodium	 ﾠ
concentration	 ﾠafter	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.19.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ19.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠon	 ﾠtotal	 ﾠsodium	 ﾠ
concentration	 ﾠin	 ﾠthe	 ﾠhydrolysate.	 ﾠ(total	 ﾠsodium	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠhydrolysate:	 ﾠ
g	 ﾠtotal	 ﾠsodium	 ﾠafter	 ﾠhydrolysis	 ﾠper	 ﾠkg	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠhydrolysis).	 ﾠ
	 ﾠ
Figure	 ﾠ4.19	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠincreases,	 ﾠ
the	 ﾠtotal	 ﾠsodium	 ﾠconcentration	 ﾠafter	 ﾠhydrolysis	 ﾠincrease	 ﾠtremendously.	 ﾠThe	 ﾠmass	 ﾠof	 ﾠ
total	 ﾠsodium	 ﾠis	 ﾠconstant	 ﾠafter	 ﾠthe	 ﾠpretreatment	 ﾠand	 ﾠit	 ﾠtotally	 ﾠdepends	 ﾠon	 ﾠthe	 ﾠmass	 ﾠof	 ﾠ






































Solid	 ﾠconcentraion	 ﾠin	 ﾠhydrolysis	 ﾠ76	 ﾠ
	 ﾠ
hydrolysis	 ﾠwill	 ﾠresult	 ﾠin	 ﾠmuch	 ﾠless	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠhydrolysis.	 ﾠThat’s	 ﾠhow	 ﾠthe	 ﾠ
concentration	 ﾠwill	 ﾠincrease.	 ﾠ
	 ﾠ
4.3.13.  Relationship	 ﾠBetween	 ﾠCB	 ﾠLoading	 ﾠand	 ﾠSolids	 ﾠRemaining	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
CB	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ7	 ﾠto	 ﾠ100	 ﾠg	 ﾠCB	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠ
between	 ﾠCB	 ﾠloading	 ﾠand	 ﾠsolids	 ﾠremaining	 ﾠafter	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.20.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ20.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠCB	 ﾠloading	 ﾠon	 ﾠkg	 ﾠremaining	 ﾠsolids	 ﾠafter	 ﾠhydrolysis.	 ﾠ
	 ﾠ
Figure	 ﾠ4.20	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠCB	 ﾠloading	 ﾠincreases,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠremaining	 ﾠ
solids	 ﾠafter	 ﾠhydrolysis	 ﾠdecreases.	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠa	 ﾠlarger	 ﾠCB	 ﾠleads	 ﾠto	 ﾠa	 ﾠhigher	 ﾠglucan	 ﾠ
and	 ﾠxylan	 ﾠhydrolysis.	 ﾠWhen	 ﾠCB	 ﾠloading	 ﾠapproaches	 ﾠ25	 ﾠg	 ﾠprotein/kg	 ﾠTS,	 ﾠsolids	 ﾠ
remaining	 ﾠapproaches	 ﾠa	 ﾠplateau.	 ﾠThis	 ﾠalso	 ﾠjustifies	 ﾠthe	 ﾠselection	 ﾠof	 ﾠ25	 ﾠg	 ﾠCB	 ﾠ
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4.3.14.  Relationship	 ﾠBetween	 ﾠMX	 ﾠLoading	 ﾠand	 ﾠSolids	 ﾠRemaining	 ﾠ
	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
MX	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ5	 ﾠto	 ﾠ25	 ﾠg	 ﾠMX	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠ
between	 ﾠMX	 ﾠloading	 ﾠand	 ﾠsolids	 ﾠremaining	 ﾠafter	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.21.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ21.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠMX	 ﾠloading	 ﾠon	 ﾠkg	 ﾠsolids	 ﾠremaining	 ﾠafter	 ﾠhydrolysis.	 ﾠ
	 ﾠ
Figure	 ﾠ4.21	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠMX	 ﾠloading	 ﾠincreases,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠremaining	 ﾠ
solids	 ﾠafter	 ﾠhydrolysis	 ﾠdecreases	 ﾠslightly.	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠa	 ﾠlarger	 ﾠMX	 ﾠleads	 ﾠto	 ﾠa	 ﾠ
higher	 ﾠglucan	 ﾠand	 ﾠxylan	 ﾠhydrolysis.	 ﾠ
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4.3.15.  Relationship	 ﾠBetween	 ﾠCB	 ﾠLoading	 ﾠand	 ﾠTotal	 ﾠGlucose	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠCB	 ﾠ
loading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ7	 ﾠto	 ﾠ100	 ﾠg	 ﾠCB	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠbetween	 ﾠ
CB	 ﾠloading	 ﾠand	 ﾠtotal	 ﾠglucose	 ﾠafter	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.22.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ22.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠCB	 ﾠloading	 ﾠon	 ﾠkg	 ﾠtotal	 ﾠglucose	 ﾠproduced	 ﾠ(from	 ﾠ
pretreatment	 ﾠand	 ﾠhydrolysis	 ﾠprocesses).	 ﾠ
	 ﾠ
Figure	 ﾠ4.22	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠCB	 ﾠloading	 ﾠincreases,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠglucose	 ﾠ
increases.	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠlarger	 ﾠCB	 ﾠloading	 ﾠleads	 ﾠto	 ﾠa	 ﾠhigher	 ﾠglucan	 ﾠhydrolysis	 ﾠ
during	 ﾠthe	 ﾠhydrolysis	 ﾠprocess.	 ﾠ	 ﾠ
	 ﾠ
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4.3.16.  Relationship	 ﾠBetween	 ﾠCB	 ﾠLoading	 ﾠand	 ﾠGlucose	 ﾠConcentration	 ﾠafter	 ﾠ
Hydrolysis	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
CB	 ﾠloading	 ﾠfrom	 ﾠ7	 ﾠto	 ﾠ100	 ﾠg	 ﾠCB	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠbetween	 ﾠCB	 ﾠloading	 ﾠ
and	 ﾠglucose	 ﾠconcentration	 ﾠafter	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.23.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ23.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠCB	 ﾠloading	 ﾠon	 ﾠglucose	 ﾠconcentration	 ﾠin	 ﾠhydrolysate.	 ﾠ
	 ﾠ
CB	 ﾠloading	 ﾠhas	 ﾠlittle	 ﾠeffect	 ﾠon	 ﾠwater	 ﾠbalance	 ﾠthrough	 ﾠhydrolysis.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠ
CB	 ﾠloading	 ﾠon	 ﾠtotal	 ﾠglucose	 ﾠconcentration	 ﾠis	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠeffect	 ﾠon	 ﾠmass	 ﾠof	 ﾠglucose	 ﾠ
after	 ﾠhydrolysis.	 ﾠ
	 ﾠ
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4.3.17.  Relationship	 ﾠBetween	 ﾠCB	 ﾠLoading	 ﾠand	 ﾠTotal	 ﾠXylose	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
CB	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ7	 ﾠto	 ﾠ100	 ﾠg	 ﾠCB	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠ




Figure	 ﾠ4.	 ﾠ24.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠCB	 ﾠloading	 ﾠon	 ﾠkg	 ﾠtotal	 ﾠxylose	 ﾠproduced	 ﾠ(from	 ﾠ
pretreatment	 ﾠand	 ﾠhydrolysis	 ﾠprocesses).	 ﾠ
	 ﾠ
Figure	 ﾠ4.24	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠCB	 ﾠloading	 ﾠincreases,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠxylose	 ﾠ
increases.	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠlarger	 ﾠCB	 ﾠloading	 ﾠleads	 ﾠto	 ﾠa	 ﾠhigher	 ﾠxylan	 ﾠhydrolysis	 ﾠduring	 ﾠ
the	 ﾠhydrolysis	 ﾠprocess.	 ﾠ	 ﾠ
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4.3.18.  Relationship	 ﾠBetween	 ﾠCB	 ﾠLoading	 ﾠand	 ﾠXylose	 ﾠConcentration	 ﾠafter	 ﾠ
Hydrolysis	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
CB	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ7	 ﾠto	 ﾠ100	 ﾠg	 ﾠCB	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠ




Figure	 ﾠ4.	 ﾠ25.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠCB	 ﾠloading	 ﾠon	 ﾠxylose	 ﾠconcentration	 ﾠin	 ﾠhydrolysate.	 ﾠ
	 ﾠ
CB	 ﾠloading	 ﾠdoes	 ﾠnot	 ﾠappreciably	 ﾠaffect	 ﾠthe	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠhydrolysis.	 ﾠ
The	 ﾠeffect	 ﾠof	 ﾠCB	 ﾠloading	 ﾠon	 ﾠtotal	 ﾠxylose	 ﾠconcentration	 ﾠis	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠeffect	 ﾠon	 ﾠ
mass	 ﾠof	 ﾠxylose	 ﾠafter	 ﾠhydrolysis.	 ﾠ
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4.3.19.  Relationship	 ﾠBetween	 ﾠMX	 ﾠLoading	 ﾠand	 ﾠTotal	 ﾠGlucose	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
MX	 ﾠloading	 ﾠfrom	 ﾠ5	 ﾠto	 ﾠ25	 ﾠg	 ﾠMX	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠbetween	 ﾠMX	 ﾠloading	 ﾠ
and	 ﾠtotal	 ﾠglucose	 ﾠafter	 ﾠhydrolysis	 ﾠis	 ﾠshown	 ﾠin	 ﾠFigure	 ﾠ4.26.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ26.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠMX	 ﾠloading	 ﾠon	 ﾠkg	 ﾠtotal	 ﾠglucose	 ﾠ(from	 ﾠpretreatment	 ﾠ
and	 ﾠhydrolysis	 ﾠprocesses).	 ﾠ
	 ﾠ
Figure	 ﾠ4.26	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠMX	 ﾠloading	 ﾠincreases,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠglucose	 ﾠ
increases.	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠlarger	 ﾠMX	 ﾠloading	 ﾠleads	 ﾠto	 ﾠa	 ﾠhigher	 ﾠglucan	 ﾠhydrolysis	 ﾠ
during	 ﾠthe	 ﾠhydrolysis	 ﾠprocess.	 ﾠ	 ﾠ
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4.3.20.  Relationship	 ﾠBetween	 ﾠMX	 ﾠLoading	 ﾠand	 ﾠGlucose	 ﾠConcentration	 ﾠafter	 ﾠ
Hydrolysis	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
MX	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ5	 ﾠto	 ﾠ25	 ﾠg	 ﾠMX	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠ




Figure	 ﾠ4.	 ﾠ27.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠMX	 ﾠloading	 ﾠon	 ﾠglucose	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠ
hydrolysate.	 ﾠ
	 ﾠ
MX	 ﾠloading	 ﾠdoes	 ﾠnot	 ﾠsignificantly	 ﾠaffect	 ﾠthe	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠhydrolysis.	 ﾠ
The	 ﾠeffect	 ﾠof	 ﾠMX	 ﾠloading	 ﾠon	 ﾠtotal	 ﾠglucose	 ﾠconcentration	 ﾠis	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠeffect	 ﾠon	 ﾠ
mass	 ﾠof	 ﾠglucose	 ﾠafter	 ﾠhydrolysis.	 ﾠ
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4.3.21.  Relationship	 ﾠBetween	 ﾠMX	 ﾠLoading	 ﾠand	 ﾠTotal	 ﾠXylose	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
MX	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ5	 ﾠto	 ﾠ25	 ﾠg	 ﾠMX	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠ




Figure	 ﾠ4.	 ﾠ28.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠMX	 ﾠloading	 ﾠon	 ﾠxylose	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠhydrolysate.	 ﾠ
	 ﾠ
Figure	 ﾠ4.28	 ﾠshows	 ﾠthat	 ﾠas	 ﾠthe	 ﾠMX	 ﾠloading	 ﾠincreases,	 ﾠthe	 ﾠmass	 ﾠof	 ﾠtotal	 ﾠxylose	 ﾠ
increases.	 ﾠThis	 ﾠis	 ﾠbecause	 ﾠlarger	 ﾠMX	 ﾠloading	 ﾠleads	 ﾠto	 ﾠa	 ﾠhigher	 ﾠxylan	 ﾠhydrolysis	 ﾠ
during	 ﾠthe	 ﾠhydrolysis	 ﾠprocess.	 ﾠ	 ﾠ
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4.3.22.  Relationship	 ﾠBetween	 ﾠMX	 ﾠLoading	 ﾠand	 ﾠXylose	 ﾠConcentration	 ﾠafter	 ﾠ
Hydrolysis	 ﾠ
With	 ﾠall	 ﾠother	 ﾠparameters	 ﾠconstant	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠwe	 ﾠvaried	 ﾠthe	 ﾠvalue	 ﾠof	 ﾠ
MX	 ﾠloading	 ﾠover	 ﾠthe	 ﾠrange	 ﾠfrom	 ﾠ5	 ﾠto	 ﾠ25	 ﾠg	 ﾠMX	 ﾠprotein/kg	 ﾠTS.	 ﾠThe	 ﾠrelationship	 ﾠ




Figure	 ﾠ4.	 ﾠ29.	 ﾠThe	 ﾠeffect	 ﾠof	 ﾠMX	 ﾠloading	 ﾠon	 ﾠxylose	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠhydrolysate.	 ﾠ
	 ﾠ
MX	 ﾠloading	 ﾠdoes	 ﾠnot	 ﾠsignificantly	 ﾠaffect	 ﾠthe	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠhydrolysis.	 ﾠ
The	 ﾠeffect	 ﾠof	 ﾠMX	 ﾠloading	 ﾠon	 ﾠtotal	 ﾠxylose	 ﾠconcentration	 ﾠis	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠeffect	 ﾠon	 ﾠ
mass	 ﾠof	 ﾠxylose	 ﾠafter	 ﾠhydrolysis.	 ﾠ
	 ﾠ
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4.4.  Sensitivity	 ﾠAnalysis	 ﾠ
As	 ﾠshown	 ﾠin	 ﾠSection	 ﾠ4.3,	 ﾠadjustment	 ﾠin	 ﾠone	 ﾠindependent	 ﾠvariable	 ﾠcan	 ﾠcause	 ﾠ
effects	 ﾠin	 ﾠmany	 ﾠimportant	 ﾠoutput	 ﾠparameters.	 ﾠAlso,	 ﾠthe	 ﾠvariance	 ﾠof	 ﾠone	 ﾠimportant	 ﾠ
output	 ﾠparameter	 ﾠcan	 ﾠbe	 ﾠthe	 ﾠresult	 ﾠof	 ﾠmany	 ﾠother	 ﾠindependent	 ﾠvariables.	 ﾠAnd	 ﾠthe	 ﾠ
affects	 ﾠfrom	 ﾠthese	 ﾠindependent	 ﾠvariables	 ﾠare	 ﾠdifferent.	 ﾠSensitivity	 ﾠanalysis	 ﾠis	 ﾠused	 ﾠto	 ﾠ
determine	 ﾠthe	 ﾠrelative	 ﾠimportance	 ﾠbetween	 ﾠrelated	 ﾠindependent	 ﾠvariables.	 ﾠHere	 ﾠ
sensitivity	 ﾠof	 ﾠimportant	 ﾠoutput	 ﾠparameters	 ﾠto	 ﾠprocess	 ﾠvariables	 ﾠwas	 ﾠexplored	 ﾠby	 ﾠ
increasing	 ﾠprocess	 ﾠvariables	 ﾠby	 ﾠ10%	 ﾠfrom	 ﾠbaseline	 ﾠvalues	 ﾠ–	 ﾠone	 ﾠat	 ﾠa	 ﾠtime	 ﾠ–	 ﾠand	 ﾠ
observing	 ﾠthe	 ﾠresulting	 ﾠpercentage	 ﾠchange	 ﾠin	 ﾠoutput	 ﾠparameters.	 ﾠ
For	 ﾠexample,	 ﾠthe	 ﾠNaOH	 ﾠchemical	 ﾠconsumption	 ﾠis	 ﾠonly	 ﾠrelated	 ﾠto	 ﾠthe	 ﾠNaOH	 ﾠ
loading.	 ﾠWhen	 ﾠthe	 ﾠloading	 ﾠchanges	 ﾠfrom	 ﾠ20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠTS	 ﾠto	 ﾠ22	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠ
TS	 ﾠ(10%	 ﾠincrease	 ﾠfrom	 ﾠbaseline),	 ﾠthe	 ﾠNaOH	 ﾠchemical	 ﾠconsumption	 ﾠwill	 ﾠchange	 ﾠfrom	 ﾠ
56.06	 ﾠkg/1000	 ﾠkg	 ﾠTS	 ﾠraw	 ﾠto	 ﾠ57.45kg/1000	 ﾠkg	 ﾠTS	 ﾠraw.	 ﾠThe	 ﾠpercentage	 ﾠof	 ﾠNaOH	 ﾠ
consumption	 ﾠvariance	 ﾠcan	 ﾠbe	 ﾠcalculated	 ﾠas:	 ﾠ(57.45-ﾭ‐56.06)/56.06=2.47%.	 ﾠThus	 ﾠthe	 ﾠ
sensitivity	 ﾠof	 ﾠthe	 ﾠNaOH	 ﾠchemical	 ﾠconsumption	 ﾠto	 ﾠchange	 ﾠin	 ﾠthe	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠ
+2.47%.	 ﾠ(Shown	 ﾠin	 ﾠFigure	 ﾠ4.30)	 ﾠ
	 ﾠ
4.4.1.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠNaOH	 ﾠChemical	 ﾠConsumption	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠNaOH	 ﾠchemical	 ﾠconsumption,	 ﾠall	 ﾠindependent	 ﾠ
variables	 ﾠare	 ﾠincreased	 ﾠby	 ﾠ10%	 ﾠfrom	 ﾠbaseline	 ﾠvalues	 ﾠ–	 ﾠone	 ﾠat	 ﾠa	 ﾠtime.	 ﾠThe	 ﾠsensitivity	 ﾠ




Figure	 ﾠ4.	 ﾠ30.	 ﾠSensitivity	 ﾠof	 ﾠNaOH	 ﾠchemical	 ﾠconsumption.	 ﾠ
	 ﾠ
Figure	 ﾠ4.30	 ﾠshows	 ﾠthat	 ﾠNaOH	 ﾠchemical	 ﾠconsumption	 ﾠis	 ﾠonly	 ﾠrelated	 ﾠto	 ﾠNaOH	 ﾠ
loading;	 ﾠas	 ﾠthe	 ﾠNaOH	 ﾠloading	 ﾠincreases	 ﾠ10%	 ﾠfrom	 ﾠbaseline,	 ﾠthe	 ﾠchemical	 ﾠ
consumption	 ﾠof	 ﾠNaOH	 ﾠincreases	 ﾠ2.47%.	 ﾠ
	 ﾠ
4.4.2.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠNaOH	 ﾠProcess	 ﾠConsumption	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠNaOH	 ﾠprocess	 ﾠconsumption,	 ﾠall	 ﾠindependent	 ﾠ
variables	 ﾠare	 ﾠincreased	 ﾠby	 ﾠ10%	 ﾠfrom	 ﾠbaseline	 ﾠvalues	 ﾠ–	 ﾠone	 ﾠat	 ﾠa	 ﾠtime.	 ﾠThe	 ﾠsensitivity	 ﾠ














Figure	 ﾠ4.	 ﾠ31.	 ﾠSensitivity	 ﾠof	 ﾠNaOH	 ﾠprocess	 ﾠrequirement.	 ﾠ
	 ﾠ
Figure	 ﾠ4.31	 ﾠshows	 ﾠthat	 ﾠNaOH	 ﾠprocess	 ﾠrequirement	 ﾠis	 ﾠaffected	 ﾠby	 ﾠthree	 ﾠ
independent	 ﾠvariables	 ﾠ–	 ﾠNaOH	 ﾠloading,	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠpressed	 ﾠcake,	 ﾠand	 ﾠ
percentage	 ﾠof	 ﾠideal	 ﾠexchange.	 ﾠNaOH	 ﾠloading	 ﾠhas	 ﾠa	 ﾠpositive,	 ﾠrelatively	 ﾠstrong	 ﾠeffect	 ﾠ
on	 ﾠthe	 ﾠNaOH	 ﾠprocess	 ﾠrequirement;	 ﾠand	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠpressed	 ﾠcake	 ﾠand	 ﾠ
percentage	 ﾠof	 ﾠideal	 ﾠexchange	 ﾠhave	 ﾠa	 ﾠnegative,	 ﾠrelatively	 ﾠweaker	 ﾠinfluence	 ﾠon	 ﾠthe	 ﾠ
NaOH	 ﾠprocess	 ﾠrequirement.	 ﾠ	 ﾠ
	 ﾠ
4.4.3.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠPretreatment	 ﾠMakeup	 ﾠWater	 ﾠRequirement	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠpretreatment	 ﾠmakeup	 ﾠwater	 ﾠrequirement,	 ﾠall	 ﾠ
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The	 ﾠsensitivity	 ﾠof	 ﾠpretreatment	 ﾠmakeup	 ﾠwater	 ﾠrequirement	 ﾠto	 ﾠrelated	 ﾠparameters	 ﾠis	 ﾠ
shown	 ﾠin	 ﾠFigure	 ﾠ4.32.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ32.	 ﾠSensitivity	 ﾠof	 ﾠpretreatment	 ﾠmakeup	 ﾠwater	 ﾠrequirement.	 ﾠ
	 ﾠ
Figure	 ﾠ4.32	 ﾠshows	 ﾠthat	 ﾠpretreatment	 ﾠmakeup	 ﾠwater	 ﾠrequirement	 ﾠis	 ﾠaffected	 ﾠ
by	 ﾠtwo	 ﾠindependent	 ﾠvariables	 ﾠ–	 ﾠNaOH	 ﾠloading,	 ﾠand	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠpressed	 ﾠ
cake.	 ﾠNaOH	 ﾠloading	 ﾠhas	 ﾠa	 ﾠnegative,	 ﾠrelatively	 ﾠweak	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠpretreatment	 ﾠ
makeup	 ﾠwater	 ﾠrequirement;	 ﾠand	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠpressed	 ﾠcake	 ﾠhas	 ﾠa	 ﾠ




4.4.4.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠHydrolysis	 ﾠMakeup	 ﾠWater	 ﾠRequirement	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠhydrolysis	 ﾠmakeup	 ﾠwater	 ﾠrequirement,	 ﾠall	 ﾠ
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The	 ﾠsensitivity	 ﾠof	 ﾠhydrolysis	 ﾠmakeup	 ﾠwater	 ﾠrequirement	 ﾠto	 ﾠrelated	 ﾠparameters	 ﾠis	 ﾠ
shown	 ﾠin	 ﾠFigure	 ﾠ4.33.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ33.	 ﾠSensitivity	 ﾠof	 ﾠhydrolysis	 ﾠwater	 ﾠrequirement.	 ﾠ
	 ﾠ
Figure	 ﾠ4.33	 ﾠshows	 ﾠthat	 ﾠhydrolysis	 ﾠmakeup	 ﾠwater	 ﾠrequirement	 ﾠis	 ﾠaffected	 ﾠby	 ﾠ
four	 ﾠindependent	 ﾠvariables	 ﾠ–	 ﾠ%	 ﾠideal	 ﾠexchange,	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis,	 ﾠ
CB	 ﾠloading	 ﾠand	 ﾠMX	 ﾠloading.	 ﾠThe	 ﾠeffects	 ﾠfrom	 ﾠ%	 ﾠideal	 ﾠexchange	 ﾠand	 ﾠsolids	 ﾠ
concentration	 ﾠof	 ﾠhydrolysis	 ﾠare	 ﾠpositive;	 ﾠthe	 ﾠeffects	 ﾠfrom	 ﾠCB	 ﾠloading	 ﾠand	 ﾠMX	 ﾠloading	 ﾠ
are	 ﾠnegative.	 ﾠAnd	 ﾠonly	 ﾠthe	 ﾠeffect	 ﾠfrom	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠis	 ﾠstrong.	 ﾠ
	 ﾠ
	 ﾠ
4.4.5.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠRemaining	 ﾠSolids	 ﾠafter	 ﾠHydrolysis	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠremaining	 ﾠsolids	 ﾠafter	 ﾠhydrolysis,	 ﾠall	 ﾠ
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The	 ﾠsensitivity	 ﾠof	 ﾠremaining	 ﾠsolids	 ﾠafter	 ﾠhydrolysis	 ﾠto	 ﾠrelated	 ﾠparameters	 ﾠis	 ﾠshown	 ﾠ
in	 ﾠFigure	 ﾠ4.34.	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ34.	 ﾠSensitivity	 ﾠof	 ﾠremaining	 ﾠsolids	 ﾠafter	 ﾠhydrolysis.	 ﾠ
	 ﾠ
Figure	 ﾠ4.34	 ﾠshows	 ﾠthat	 ﾠremaining	 ﾠsolids	 ﾠafter	 ﾠhydrolysis	 ﾠare	 ﾠaffected	 ﾠby	 ﾠtwo	 ﾠ
independent	 ﾠvariables	 ﾠ–	 ﾠCB	 ﾠloading	 ﾠand	 ﾠMX	 ﾠloading.	 ﾠThe	 ﾠeffects	 ﾠare	 ﾠboth	 ﾠnegative,	 ﾠ
and	 ﾠCB	 ﾠloading	 ﾠhas	 ﾠa	 ﾠrelatively	 ﾠstronger	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠremaining	 ﾠsolids	 ﾠ–	 ﾠthough	 ﾠ
neither	 ﾠcan	 ﾠbe	 ﾠconsidered	 ﾠstrong.	 ﾠ
	 ﾠ
4.4.6.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠRemaining	 ﾠWater	 ﾠafter	 ﾠHydrolysis	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠremaining	 ﾠwater	 ﾠafter	 ﾠhydrolysis,	 ﾠall	 ﾠ
independent	 ﾠvariables	 ﾠare	 ﾠincreased	 ﾠby	 ﾠ10%	 ﾠfrom	 ﾠbaseline	 ﾠvalues	 ﾠ–	 ﾠone	 ﾠat	 ﾠa	 ﾠtime.	 ﾠ
The	 ﾠsensitivity	 ﾠof	 ﾠremaining	 ﾠwater	 ﾠafter	 ﾠhydrolysis	 ﾠto	 ﾠrelated	 ﾠparameters	 ﾠis	 ﾠshown	 ﾠ
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Figure	 ﾠ4.	 ﾠ35.	 ﾠSensitivity	 ﾠof	 ﾠwater	 ﾠremaining	 ﾠafter	 ﾠhydrolysis.	 ﾠ
	 ﾠ
Figure	 ﾠ4.35	 ﾠshows	 ﾠthat	 ﾠremaining	 ﾠsolids	 ﾠafter	 ﾠhydrolysis	 ﾠare	 ﾠaffected	 ﾠby	 ﾠthree	 ﾠ
independent	 ﾠvariables	 ﾠ–	 ﾠCB	 ﾠloading,	 ﾠMX	 ﾠloading,	 ﾠand	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠ
hydrolysis.	 ﾠAnd	 ﾠonly	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠhydrolysis	 ﾠhas	 ﾠa	 ﾠrelatively	 ﾠstrong	 ﾠ
effect	 ﾠon	 ﾠthe	 ﾠremaining	 ﾠwater.	 ﾠ
	 ﾠ
	 ﾠ
4.4.7.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠSolubilized	 ﾠGlucose	 ﾠin	 ﾠHydrolysis	 ﾠProcess	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠsolubilized	 ﾠglucose	 ﾠin	 ﾠthe	 ﾠhydrolysis	 ﾠprocess,	 ﾠall	 ﾠ
independent	 ﾠvariables	 ﾠare	 ﾠincreased	 ﾠby	 ﾠ10%	 ﾠfrom	 ﾠbaseline	 ﾠvalues	 ﾠ–	 ﾠone	 ﾠat	 ﾠa	 ﾠtime.	 ﾠ
The	 ﾠsensitivity	 ﾠof	 ﾠsolubilized	 ﾠglucose	 ﾠin	 ﾠhydrolysis	 ﾠprocess	 ﾠto	 ﾠrelated	 ﾠparameters	 ﾠis	 ﾠ









CB	 ﾠloading	 ﾠ MX	 ﾠloading	 ﾠ solids	 ﾠconcentration	 ﾠof	 ﾠ
hydrolysis	 ﾠ
remaining	 ﾠwater	 ﾠ93	 ﾠ
	 ﾠ
	 ﾠ
Figure	 ﾠ4.	 ﾠ36.	 ﾠSensitivity	 ﾠof	 ﾠsolubilized	 ﾠglucose	 ﾠin	 ﾠhydrolysis	 ﾠprocess.	 ﾠ
	 ﾠ
Figure	 ﾠ4.36	 ﾠshows	 ﾠthat	 ﾠsolubilized	 ﾠglucose	 ﾠin	 ﾠhydrolysis	 ﾠprocess	 ﾠis	 ﾠrelated	 ﾠto	 ﾠ
two	 ﾠvariables	 ﾠ–	 ﾠCB	 ﾠloading	 ﾠand	 ﾠMX	 ﾠloading.	 ﾠAnd	 ﾠthe	 ﾠCB	 ﾠloading	 ﾠhas	 ﾠa	 ﾠgreater	 ﾠ
positive	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠsolubilized	 ﾠglucose	 ﾠin	 ﾠhydrolysis	 ﾠprocess	 ﾠcompared	 ﾠwith	 ﾠMX	 ﾠ
loading.	 ﾠ	 ﾠ
	 ﾠ
4.4.8.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠSolubilized	 ﾠXylose	 ﾠin	 ﾠHydrolysis	 ﾠProcess	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠsolubilized	 ﾠxylose	 ﾠin	 ﾠhydrolysis	 ﾠprocess,	 ﾠall	 ﾠ
independent	 ﾠvariables	 ﾠare	 ﾠincreased	 ﾠby	 ﾠ10%	 ﾠfrom	 ﾠbaseline	 ﾠvalues	 ﾠ–	 ﾠone	 ﾠat	 ﾠa	 ﾠtime.	 ﾠ
The	 ﾠsensitivity	 ﾠof	 ﾠsolubilized	 ﾠxylose	 ﾠin	 ﾠhydrolysis	 ﾠprocess	 ﾠto	 ﾠrelated	 ﾠparameters	 ﾠis	 ﾠ
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Figure	 ﾠ4.	 ﾠ37.	 ﾠSensitivity	 ﾠof	 ﾠsolubilized	 ﾠxylose	 ﾠin	 ﾠhydrolysis	 ﾠprocess.	 ﾠ
	 ﾠ
Figure	 ﾠ4.37	 ﾠshows	 ﾠthat	 ﾠsolubilized	 ﾠxylose	 ﾠin	 ﾠhydrolysis	 ﾠprocess	 ﾠis	 ﾠrelated	 ﾠto	 ﾠ
two	 ﾠvariables	 ﾠ–	 ﾠCB	 ﾠloading	 ﾠand	 ﾠMX	 ﾠloading.	 ﾠAnd	 ﾠthe	 ﾠCB	 ﾠloading	 ﾠhas	 ﾠa	 ﾠgreater	 ﾠ




4.4.9.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠTotal	 ﾠSoluble	 ﾠGlucose	 ﾠafter	 ﾠHydrolysis	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠtotal	 ﾠsoluble	 ﾠglucose	 ﾠafter	 ﾠhydrolysis	 ﾠprocess,	 ﾠall	 ﾠ
independent	 ﾠvariables	 ﾠare	 ﾠincreased	 ﾠby	 ﾠ10%	 ﾠfrom	 ﾠbaseline	 ﾠvalues	 ﾠ–	 ﾠone	 ﾠat	 ﾠa	 ﾠtime.	 ﾠ
The	 ﾠsensitivity	 ﾠof	 ﾠtotal	 ﾠsoluble	 ﾠglucose	 ﾠafter	 ﾠhydrolysis	 ﾠprocess	 ﾠto	 ﾠrelated	 ﾠ
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Figure	 ﾠ4.	 ﾠ38.	 ﾠSensitivity	 ﾠof	 ﾠtotal	 ﾠsoluble	 ﾠglucose	 ﾠafter	 ﾠhydrolysis.	 ﾠ
	 ﾠ
Figure	 ﾠ4.38	 ﾠshows	 ﾠthat	 ﾠtotal	 ﾠsoluble	 ﾠglucose	 ﾠafter	 ﾠhydrolysis	 ﾠprocess	 ﾠis	 ﾠ
related	 ﾠto	 ﾠtwo	 ﾠvariables	 ﾠ–	 ﾠCB	 ﾠloading	 ﾠand	 ﾠMX	 ﾠloading.	 ﾠAnd	 ﾠthe	 ﾠCB	 ﾠloading	 ﾠhas	 ﾠa	 ﾠ
greater	 ﾠpositive	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠtotal	 ﾠsoluble	 ﾠglucose	 ﾠafter	 ﾠhydrolysis	 ﾠprocess	 ﾠ
compared	 ﾠwith	 ﾠMX	 ﾠloading.	 ﾠ	 ﾠ
	 ﾠ
4.4.10.  Sensitivity	 ﾠAnalysis	 ﾠof	 ﾠTotal	 ﾠSoluble	 ﾠXylose	 ﾠafter	 ﾠHydrolysis	 ﾠ
To	 ﾠexplore	 ﾠthe	 ﾠsensitivity	 ﾠof	 ﾠtotal	 ﾠsoluble	 ﾠxylose	 ﾠafter	 ﾠhydrolysis	 ﾠprocess,	 ﾠall	 ﾠ
independent	 ﾠvariables	 ﾠare	 ﾠincreased	 ﾠby	 ﾠ10%	 ﾠfrom	 ﾠbaseline	 ﾠvalues	 ﾠ–	 ﾠone	 ﾠat	 ﾠa	 ﾠtime.	 ﾠ
The	 ﾠsensitivity	 ﾠof	 ﾠtotal	 ﾠsoluble	 ﾠxylose	 ﾠafter	 ﾠhydrolysis	 ﾠprocess	 ﾠto	 ﾠrelated	 ﾠparameters	 ﾠ
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Figure	 ﾠ4.	 ﾠ39.	 ﾠSensitivity	 ﾠof	 ﾠtotal	 ﾠsoluble	 ﾠxylose	 ﾠafter	 ﾠhydrolysis.	 ﾠ
	 ﾠ
Figure	 ﾠ4.39	 ﾠshows	 ﾠthat	 ﾠtotal	 ﾠsoluble	 ﾠxylose	 ﾠafter	 ﾠhydrolysis	 ﾠprocess	 ﾠis	 ﾠrelated	 ﾠ
to	 ﾠtwo	 ﾠvariables	 ﾠ–	 ﾠCB	 ﾠloading	 ﾠand	 ﾠMX	 ﾠloading.	 ﾠAnd	 ﾠthe	 ﾠCB	 ﾠloading	 ﾠhas	 ﾠa	 ﾠgreater	 ﾠ
positive	 ﾠeffect	 ﾠon	 ﾠthe	 ﾠtotal	 ﾠsoluble	 ﾠxylose	 ﾠafter	 ﾠhydrolysis	 ﾠprocess	 ﾠcompared	 ﾠwith	 ﾠ
MX	 ﾠloading.	 ﾠ	 ﾠ
	 ﾠ
	 ﾠ
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V.  DISCUSSION	 ﾠAND	 ﾠCONCLUSIONS	 ﾠ
5.1.  Discussion	 ﾠ
Two	 ﾠmethods	 ﾠof	 ﾠmodel	 ﾠanalysis	 ﾠ(the	 ﾠeffects	 ﾠof	 ﾠimportant	 ﾠvariables	 ﾠover	 ﾠlarge	 ﾠ
ranges,	 ﾠand	 ﾠvariable	 ﾠsensitivities)	 ﾠillustrate	 ﾠthat	 ﾠthe	 ﾠExcel®-ﾭ‐based	 ﾠmodel	 ﾠfacilitates	 ﾠ
exploration	 ﾠof	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠvarious	 ﾠinput	 ﾠand	 ﾠoperational	 ﾠparameters.	 ﾠWithin	 ﾠthe	 ﾠ
range	 ﾠof	 ﾠpractical	 ﾠinterest,	 ﾠthe	 ﾠmodel	 ﾠclearly	 ﾠshows	 ﾠus	 ﾠthe	 ﾠcomplex	 ﾠ
interrelationships	 ﾠamong	 ﾠvariables.	 ﾠAnd	 ﾠthe	 ﾠmodel	 ﾠis	 ﾠflexible	 ﾠ—	 ﾠit	 ﾠcan	 ﾠbe	 ﾠadjusted	 ﾠ
for	 ﾠfuture	 ﾠuse	 ﾠand	 ﾠcan	 ﾠeasily	 ﾠbe	 ﾠchanged	 ﾠto	 ﾠsatisfy	 ﾠlarger	 ﾠranges	 ﾠin	 ﾠvariables,	 ﾠif	 ﾠ
desired.	 ﾠ	 ﾠ
However,	 ﾠbecause	 ﾠof	 ﾠlimitations	 ﾠin	 ﾠexisting	 ﾠdata,	 ﾠthere	 ﾠis	 ﾠroom	 ﾠfor	 ﾠ
improvement	 ﾠand	 ﾠextension	 ﾠof	 ﾠthe	 ﾠmodel	 ﾠto	 ﾠmake	 ﾠit	 ﾠmore	 ﾠaccurate	 ﾠand	 ﾠpractical.	 ﾠ
For	 ﾠexample,	 ﾠcomprehensive	 ﾠexperimental	 ﾠdata	 ﾠwas	 ﾠavailable	 ﾠonly	 ﾠfor	 ﾠswitchgrass.	 ﾠ
Therefore,	 ﾠthis	 ﾠmodel	 ﾠis	 ﾠlimited	 ﾠin	 ﾠits	 ﾠapplication	 ﾠto	 ﾠthe	 ﾠfeedstock	 ﾠof	 ﾠswitchgrass.	 ﾠIt	 ﾠ
is	 ﾠthat	 ﾠsuggest	 ﾠfurther	 ﾠexperiments	 ﾠwith	 ﾠother	 ﾠfeedstocks,	 ﾠsuch	 ﾠas	 ﾠwheat	 ﾠstraw,	 ﾠ
woody	 ﾠmaterials,	 ﾠand	 ﾠbiomass	 ﾠmixtures.	 ﾠAlso	 ﾠfrom	 ﾠsection	 ﾠ4.2.1,	 ﾠIt	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠthat	 ﾠ
existing	 ﾠdata	 ﾠon	 ﾠNaOH	 ﾠloading	 ﾠis	 ﾠabsent	 ﾠbetween	 ﾠthe	 ﾠtwo	 ﾠdiscrete	 ﾠpoints	 ﾠof	 ﾠ10	 ﾠand	 ﾠ
20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠraw	 ﾠTS.	 ﾠ	 ﾠFor	 ﾠthis	 ﾠreason,	 ﾠit	 ﾠcannot	 ﾠbe	 ﾠdetermined	 ﾠwhether	 ﾠthere	 ﾠ
are	 ﾠmore	 ﾠreasonable	 ﾠNaOH	 ﾠloadings	 ﾠbetween	 ﾠ10	 ﾠand	 ﾠ20	 ﾠg	 ﾠNaOH/100	 ﾠg	 ﾠraw	 ﾠTS.	 ﾠ
Furthermore,	 ﾠall	 ﾠthe	 ﾠavailable	 ﾠdata	 ﾠon	 ﾠhydrolysis-ﾭ‐enzyme	 ﾠmixtures	 ﾠcame	 ﾠfrom	 ﾠ
studies	 ﾠwith	 ﾠresidue	 ﾠfrom	 ﾠjust	 ﾠone	 ﾠalkali	 ﾠloading	 ﾠused	 ﾠin	 ﾠpretreatment	 ﾠ(20	 ﾠg	 ﾠ
NaOH/100	 ﾠg	 ﾠraw	 ﾠTS).	 ﾠThe	 ﾠwide	 ﾠinfluence	 ﾠof	 ﾠNaOH	 ﾠloading	 ﾠin	 ﾠthe	 ﾠpretreatment	 ﾠ
process	 ﾠcan,	 ﾠin	 ﾠfact,	 ﾠaffect	 ﾠmany	 ﾠparameters	 ﾠin	 ﾠthe	 ﾠhydrolysis	 ﾠprocess.	 ﾠHowever,	 ﾠdue	 ﾠ98	 ﾠ
	 ﾠ
to	 ﾠthe	 ﾠlimited	 ﾠexperimental	 ﾠdata,	 ﾠour	 ﾠmodel	 ﾠcannot	 ﾠfully	 ﾠexplore	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠNaOH	 ﾠ
loading	 ﾠon	 ﾠthe	 ﾠhydrolysis	 ﾠprocess.	 ﾠTherefore,	 ﾠit	 ﾠis	 ﾠsuggested	 ﾠthat	 ﾠmore	 ﾠhydrolysis	 ﾠ
experiments	 ﾠwith	 ﾠbiomasses	 ﾠpretreated	 ﾠat	 ﾠNaOH	 ﾠloadings	 ﾠbetween	 ﾠ10	 ﾠand	 ﾠ20	 ﾠg	 ﾠ
NaOH/100	 ﾠg	 ﾠTS.	 ﾠ	 ﾠ
As	 ﾠthe	 ﾠtechnology	 ﾠdevelops,	 ﾠthe	 ﾠperformance	 ﾠof	 ﾠprocesses	 ﾠcould	 ﾠbe	 ﾠimproved	 ﾠ
in	 ﾠmany	 ﾠways.	 ﾠThere	 ﾠare	 ﾠthree	 ﾠparticular	 ﾠoperation	 ﾠparameters	 ﾠworthy	 ﾠof	 ﾠemphasis.	 ﾠ
Solids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠhydrolysis	 ﾠprocess	 ﾠaffects	 ﾠthe	 ﾠmakeup	 ﾠwater	 ﾠ
requirement	 ﾠand	 ﾠchemical	 ﾠconcentrations	 ﾠ(sugars,	 ﾠlignin,	 ﾠetc.)	 ﾠafter	 ﾠhydrolysis.	 ﾠThe	 ﾠ
increase	 ﾠof	 ﾠhydrolysis	 ﾠsolids	 ﾠconcentration	 ﾠwill	 ﾠdecrease	 ﾠthe	 ﾠmakeup	 ﾠwater	 ﾠ
requirement	 ﾠand	 ﾠincrease	 ﾠthe	 ﾠchemical	 ﾠconcentrations	 ﾠafter	 ﾠhydrolysis.	 ﾠHigher	 ﾠpost-ﾭ‐
hydrolysis	 ﾠsugar	 ﾠconcentrations	 ﾠ(within	 ﾠyeast-ﾭ‐tolerable	 ﾠlimits,	 ﾠof	 ﾠcourse)	 ﾠare	 ﾠ
desirable	 ﾠfor	 ﾠsubsequent	 ﾠfermentation,	 ﾠfor	 ﾠthey	 ﾠwill	 ﾠresult	 ﾠin	 ﾠhigher	 ﾠethanol	 ﾠ
concentrations	 ﾠand	 ﾠlower	 ﾠdistillation	 ﾠcosts.	 ﾠHowever,	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠ
hydrolysis	 ﾠis	 ﾠaffected	 ﾠby	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠof	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠleaving	 ﾠthe	 ﾠ
pretreatment	 ﾠprocess.	 ﾠIn	 ﾠessence,	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠhydrolysis	 ﾠcan	 ﾠnot	 ﾠ
exceed	 ﾠthat	 ﾠof	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠentering	 ﾠhydrolysis,	 ﾠdiluted	 ﾠby	 ﾠnecessary	 ﾠfluids	 ﾠ
added	 ﾠ(HCl	 ﾠfor	 ﾠneutralization;	 ﾠbuffer;	 ﾠan	 ﾠenzyme	 ﾠstocks).	 ﾠ	 ﾠ
There	 ﾠare	 ﾠfurther	 ﾠbenefits	 ﾠof	 ﾠhigher	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake,	 ﾠ
in	 ﾠterms	 ﾠof	 ﾠpretreatment	 ﾠmakeup	 ﾠwater	 ﾠrequirement	 ﾠand	 ﾠprocess	 ﾠmakeup	 ﾠNaOH	 ﾠ
requirement.	 ﾠWith	 ﾠthe	 ﾠassumptions	 ﾠof	 ﾠChapter	 ﾠ3	 ﾠand	 ﾠall	 ﾠvariables	 ﾠat	 ﾠbaseline	 ﾠvalues,	 ﾠ
when	 ﾠthe	 ﾠsolids	 ﾠconcentration	 ﾠin	 ﾠthe	 ﾠpressed	 ﾠcake	 ﾠis	 ﾠ20%,	 ﾠprocess	 ﾠrequired	 ﾠmakeup	 ﾠ
NaOH	 ﾠis	 ﾠ66.64	 ﾠkg,	 ﾠand	 ﾠpretreatment	 ﾠrequired	 ﾠmakeup	 ﾠwater	 ﾠis	 ﾠ2745	 ﾠkg;	 ﾠwhen	 ﾠthe	 ﾠ
solids	 ﾠconcentration	 ﾠin	 ﾠpressed	 ﾠcake	 ﾠis	 ﾠ30%,	 ﾠprocess	 ﾠrequired	 ﾠmakeup	 ﾠNaOH	 ﾠis	 ﾠ99	 ﾠ
	 ﾠ
62.23	 ﾠkg	 ﾠand	 ﾠpretreatment	 ﾠrequired	 ﾠmakeup	 ﾠwater	 ﾠis	 ﾠ1582	 ﾠkg.	 ﾠIncreasing	 ﾠcake	 ﾠ
concentration	 ﾠform	 ﾠ10%	 ﾠto	 ﾠ20%	 ﾠthus	 ﾠsaves	 ﾠ16.54%	 ﾠprocess	 ﾠmakeup	 ﾠNaOH	 ﾠand	 ﾠ
55.96%	 ﾠpretreatment	 ﾠmakeup	 ﾠwater.	 ﾠWhether	 ﾠthe	 ﾠadvancement	 ﾠin	 ﾠdewatering	 ﾠ
technology	 ﾠis	 ﾠworth	 ﾠpursuing	 ﾠdepends	 ﾠon	 ﾠthe	 ﾠbenefit	 ﾠfrom	 ﾠdecreasing	 ﾠmakeup	 ﾠ
water	 ﾠrequirement	 ﾠ(both	 ﾠin	 ﾠpretreatment	 ﾠand	 ﾠhydrolysis	 ﾠprocesses),	 ﾠdecreasing	 ﾠ
makeup	 ﾠprocess	 ﾠNaOH	 ﾠrequirement,	 ﾠand	 ﾠincreasing	 ﾠchemical	 ﾠconcentrations	 ﾠafter	 ﾠ
hydrolysis.	 ﾠ	 ﾠ
Last	 ﾠbut	 ﾠnot	 ﾠleast,	 ﾠfrom	 ﾠsection	 ﾠ4.3.6,	 ﾠit	 ﾠcan	 ﾠbe	 ﾠseen	 ﾠthat	 ﾠthe	 ﾠrelationship	 ﾠ
between	 ﾠpercentage	 ﾠideal	 ﾠexchange	 ﾠ(in	 ﾠwashing	 ﾠthe	 ﾠpressed	 ﾠcake)	 ﾠand	 ﾠmass	 ﾠof	 ﾠ
process	 ﾠrequired	 ﾠmakeup	 ﾠNaOH	 ﾠis	 ﾠalmost	 ﾠlinear.	 ﾠIt	 ﾠmeans	 ﾠwhatever	 ﾠthe	 ﾠ
improvement	 ﾠ(whether	 ﾠfrom	 ﾠ10%	 ﾠto	 ﾠ20%	 ﾠor	 ﾠfrom	 ﾠ80%	 ﾠto	 ﾠ90%),	 ﾠit’s	 ﾠprobably	 ﾠ
always	 ﾠworth	 ﾠachieving	 ﾠand	 ﾠwill	 ﾠhave	 ﾠsignificant	 ﾠeffect	 ﾠon	 ﾠsaving	 ﾠprocess	 ﾠmakeup	 ﾠ
NaOH	 ﾠrequirement.	 ﾠ
	 ﾠ
5.2.  Conclusions	 ﾠ
The	 ﾠfollowing	 ﾠconclusions	 ﾠcan	 ﾠbe	 ﾠdrawn:	 ﾠ
•  A	 ﾠhigher	 ﾠpressed	 ﾠcake	 ﾠsolids	 ﾠconcentration	 ﾠ(higher	 ﾠthan	 ﾠ20%),	 ﾠallowing	 ﾠ
hydrolysis	 ﾠat	 ﾠhigher	 ﾠsolids	 ﾠconcentration	 ﾠis	 ﾠworth	 ﾠachieving	 ﾠbecause	 ﾠof	 ﾠless	 ﾠ
makeup	 ﾠwater	 ﾠrequirement	 ﾠand	 ﾠhigher	 ﾠsugar	 ﾠconcentrations	 ﾠachieved	 ﾠafter	 ﾠ
hydrolysis.	 ﾠ100	 ﾠ
	 ﾠ
•  A	 ﾠhigher	 ﾠpercentage	 ﾠof	 ﾠideal	 ﾠexchange	 ﾠis	 ﾠundoubtedly	 ﾠworth	 ﾠpursuing,	 ﾠas	 ﾠit	 ﾠ
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